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Chapter I - Historical Background 
Among the most significant achievements of the twentieth century were 
advances made in macromolecular, and supramolecular, science. Discoveries in 
these areas provided the foundation for the rapid and spectacular development 
of new technologies in the latter part of the twentieth century. There is no doubt 
that continued progress in these areas will provide the platform for new 
technologies in the twenty first century that will impact the lives of virtually 
everyone in the world. Almost from the beginning, it was apparent that the unique 
properties and functions of macromolecules and supramolecular complexes 
depend on their molecular conformation and dynamics in solution. In order to 
satisfy the insistent demand for new technologies in the future, and to extend the 
discoveries of the past, physical and biological scientists are focusing their efforts 
on understanding the relationship between molecular structure and function, and 
the factors that influence molecular dynamics. 
Conformation and dynamics of macromolecules in solution are some of the most 
challenging areas of study for scientists to undertake. Chemical, 
chromatographic, spectroscopic, and thermal analysis methods are used to 
determine bonding character, physical properties, and overall shape in 
macromolecules.41 While these methods are invaluable in determining molecular 
structure, they only provide information about bulk solution properties and gross 
structural descriptions.39 Molecular folding and rotation can create microscopic 
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domains and microenvironments that are chemically distinct from the bulk 
properties.4o Methods that describe bulk properties and overall structure do not 
necessarily provide accurate descriptions of microenvironment properties, nor do 
they provide information about the interaction between environmental factors and 
microenvironment formation. Such factors as pressure, pH, temperature, solvent 
polarity, ionic strength, presence of other species, and concentration of the 
molecule itself influence the conformation of macromolecules in solution and, 
consequently, the formation of micro domains.40 In macromolecules, such as 
proteins, the expression of unique functions occurs in micro domains whose 
microenvironments are significantly different than that of the bulk solution. To 
fully realize the potential applications of existing polymers. design new synthetic 
polymeric architectures with specific chemical character, to develop models that 
can predict polymer properties, and to advance the understanding of biological 
processes, it is necessary to understand structure-function relationships and the 
dynamics of macromolecules in solution. 
Vibrational, nuclear magnetic resonance (NMR), and luminescence 
spectroscopies are the methods most often used to investigate macromolecular 
solution conformation and dynamics. These methods. and their related 
techniques, are preferred because they are the least invasive and destructive, 
simple to use and sensitive to molecular changes. There is an abundance of 
literature available to assist in the interpretation of results and to support 
conclusions. 
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Fourier transform infrared (FTIR) and Fourier transform Raman (FT·Raman) 
spectroscopies have proven to be valuable tools in many areas of 
macromolecular research. These are complementary methods that provide 
qualitative and quantitative information about the chemical composition of 
structural units, cis/trans isomerism, and intermolecular interactions.57 These 
techniques have been used primarily to identify specific polymer types, to study 
polymer reaction mechanisms, and to study the conformations of proteins and 
peptides.4o,42 Near infrared (NIR) and FT·Raman spectroscopy are currently 
used to monitor, in real time, the composition, degree of conversion, and water 
content during the manufacture of polymers.58,59 The importance of vibrational 
spectroscopies for the structural characterization of macromolecules is 
uncontested. However, vibrational spectroscopies are more applicable for 
structure elucidation and the study of chemical bond properties than for solution 
dynamic studies.4o,42 Spectral changes caused by the environment are subtle and 
require accurate measurement of small differences in band position. In FT· 
Raman spectroscopy, for example. the signal is weak and is often masked by 
fluorescence and there can be large uncertainty in the relationship between 
spectral position and physical property.40,42 Also, to directly investigate the 
formation of a micro domain, or changes in the microenvironment, requires the 
fortuitous placement of an active functional group at the site. This restricts the 
technique to specific structures under certain experimental conditions. 
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Compared to vibrational and luminescent spectroscopies, NMR is relatively new 
to the analysis of macromolecules with the first complete solution structure of a 
protein published in 1985.60,61 Since this initial publication technological advances 
have brought NMR into the forefront of structural biological research. which is 
illustrated by the number of NMR structures listed in the Protein Oata Base 
(POB). Ten years ago, only a few percent of the structures in the POB were 
determined by NMR, in 2000 NMR represents about 1823 or 16% of the POB.61 
NMR has the potential of becoming a powerful and informative tool for 
investigation of solution dynamic processes because nuclear spin relaxations are 
sensitive on the picosecond to nanosecond time scales.62 The types of NMR 
experiments commonly used today are nuclear spin relaxation, spectral line 
shapes, and field gradient.46, 62 
NMR measures molecular dynamics by measuring the time dependent 
perturbations on nuclear spins caused by molecular motion. These time 
dependent forces perturb the nuclear spin energy levels leading to changes in 
the relaxation time. The change in relaxation times is used to examine molecular 
dynamics.46 Molecular motion also produce changes in the local environment of 
nuclear spins and hence a change in the NMR frequency. Therefore, NMR line 
shapes are sensitive to molecular motion and can be used to study dynamics.46 
In field gradient experiments a magnetic field gradient is imposed on the sample. 
The field gradient makes the NMR frequencies a function of position in the 
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molecule. Molecular movement causes changes in the NMR frequency, which 
can be detected by two-dimensional experiments. 
The major limitation to NMR analysis of macromolecules is line broadening; lines 
broaden as the size of the molecule increases.43 This places a size limit of about 
40 kilodaltons for NMR structural studies.43 Development of transverse 
relaxation-optimized spectroscopy (TROSY), a correlation technique, expanded 
the range to 100 kilodaltons and increase the sensitivity by a factor of ten.45,46 
Recent development of the cryoprobe, a low temperature probe, and combining 
TROSY with cross-correlated relaxation-enhanced polarization transfer has 
increased the range to 900 kilodaltons.47,61 
! 
! 
I NMR data on biopolymer structure and dynamics are complex and usually 
cannot be interpreted directly. Structural calculations and dynamic simulations 1 
i programs have been developed which aid in interpretation.63,64 StructuralI 
calculations add a layer of complexity to analysis, but are essential in 
1 determining three dimensional conformations.64 Although diffusion and rotational 
constants can be directly measured by NMR, there is some concern that the high I concentrations needed introduce significant inaccuracy in the analysis.53 
I 
\ 
Molecular dynamic simulations provide a theoretical description that can be 
correlated with NMR results. t 
! 
~ j 
i " j 
,1 
! 
i, 
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At first, it would seem that NMR would be the method of choice for the study of 
macromolecules. However, as was discussed for vibrational techniques, spectral 
changes caused by environmental changes require accurate discrimination 
between small differences in spectral response. The low sensitivity of NMR 
spectroscopy requires a 0.1 M sample concentration to obtain sufficient sensitivity 
for TROSY analysis.43 High concentrations such as this can introduce inaccuracy 
by molecular association.53 Moreover, large macromolecules may generate so 
many NMR peaks that it is impossible to resolve them; even with narrow 
lineshapes and computational software.43 Extensive sample preparation, 
expensive instrumentation, limited solvent selection, and the high skill level 
required to perform advanced experiments, has made NMR too costly and 
complex for many scientists. NMR is still in its infancy as a technique for 
macromolecular solution dynamics, and spectroscopists are optimistic that 
continued development in instrumentation and experimental design will increase 
the utility of NMR in this area. 
A classic technique, with broad application in the investigation of molecular 
solution dynamics, is luminescence. The distinguishing features of luminescence 
spectroscopies are: 
• 	 High sensitivity; useful signals can be obtained from sample 
concentrations at the nanomolar level. 
• 	 Inherent selectivity; two wavelengths (excitation and emission) are 
required for analysis. 
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• 	 The time scale of luminescence is such that it can provide information on 
internal and rotational dynamics on the microsecond to picosecond time 
scale which is unsurpassed by other optical spectroscopic techniques.4o 
• 	 Well developed models available for data interpretation; experimental 
results can be interpreted by standard mathematical expressions such as 
Stern-Volmer quenching, orientational depolarization, and FOrster and 
Dexter energy transfer processes.9,12,25. 
Unfortunately, the features which give luminescence its selectivity and sensitivity 
also limit its utility. 
Virtually all molecules are sensitive to vibrational and NMR spectroscopies. Most 
molecules, however, are not intrinsically luminescent. Many macromolecules lack 
sufficient photoactivity to make direct luminescent measurements practical. 
Inactive macromolecules can be made photoactive, or photosensitized, by 
attaching luminescent probes. Polycyclic aromatic or heteroaromatic compounds 
such as naphthalene, anthracene, phenanthrene, pyrene, and carbazole are 
commonly used as luminescent probes.9,4o,48 The probe can be either intrinsic 
(covalently bonded) or extrinsic (intercalated) within the molecular structure.40,48 
The emission spectra of these probes are very sensitive to the properties of the 
surrounding solvent. In the case of pyrene, for example, the relative intensities of 
its emission bands are used as an empirical measurement of solvent polarity.50,51 
This high degree of sensitivity to the local solvent environment, and innate 
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selectivity. allows these probes to examine molecular dynamics by measuring 
changes in the local environment. 48-51 
Amphiphilic compounds are characterized by the tendency to self-aggregate in 
aqueous media. by either intramolecular or intermolecular association. to form 
hydrophobic micro domains.50,51 Luminescent probes are used extensively to 
study the dynamics of synthetic amphiphilic polymers in aqueous solutions. The 
formation of hydrophobic micro domains is an important property for the 
application of polymers in compound solubilization, detergent formulation, drug 
delivery, and surface modification. 50 Biological scientists are equally interest in 
self-aggregation as they endeavor to unravel the mechanisms of membrane 
transport and cellular function.50,51 A common experimental protocol is to 
measure the emission spectrum of a probe strategically placed within a polymer. 
An experimental parameter such as pH. temperature, or solvent polarity is then 
changed and the resulting emission profile is measured. Changes in the emission 
character allow the scientist to obtain specific information about the formation of 
micelles or any other hydrophobic domain. This approach was successfully used 
in the study of surfactant-polymer association, aggregation of amphiphilic 
copolymers, and in the determination of the critical micelle concentration and 
critical aggregation concentration.48.50-52 Although nucleotides and nucleic acids 
are generally non-luminescent, successful studies of DNA compaction were 
made using the fluorescent dye 4',6'-diamidino-2-phenyl-indole as an extrinsic 
probe in combination with fluorescence microscopy.48,50.55 
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Excimer formation is another luminescent method used to study solution 
dynamics. The excimer emission spectrum of some probes is normally 
dramatically different from the monomer emission spectrum.49 Generally, at low 
concentrations, the emission spectrum is dominated by the monomer, at high 
concentrations the excimer dominates. The change in the emission profile due to 
excimer formation was used to study the solution dynamics of poly(N­
isopropylacrylamide) polymer by bonding pyrene onto the alkyl side chains, and 
in the temperature dependence of vesicle-micelle transition of egg 
phosphatidylcholine and octyl glucoside by using the extrinsic probe 8­
anilinonaphthalene-1-sulfonate.48.50.51.53 
Some biological macromolecules exhibit natural luminescence. In proteins 
denaturing, aggregation, surfactant interaction and substrate binding can be 
monitored by the fluorescence of the amino acids tyrosine and tryptophan, and 
the highly luminescent coenzymes nicotinamide-adenine dinucleotide (NADH) 
and flavin adenine dinucleotide (FAD) have been used to study enzyme structure 
54and kinetics.9. 
In addition to probing molecular conformations and dynamics, luminescent 
probes can also be used as photochemical and photophysical probes of 
macromolecules. With the naturally occurring chromophores of 
biomacromolecules, and time-resolved luminescent techniques, scientists are 
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able to investigate electron and proton transfer in complex biochemical 
reactions.56 
The major limitations in luminescence spectroscopy, as described here, are 
emission interference from other luminescent structures within the molecule, and 
short radiative lifetimes. Polycyclic aromatic and heteroaromatic probes, and 
naturally occurring f1uorophores are subject to spectral interference from similar 
structures within the molecule. Selective excitation and spectral filtering 
techniques can eliminate or reduce the interference to negligible levels in 
moderate to large size molecules.9 In macromolecules, the interference may be 
too complex to make these techniques effective. Short lifetimes impose 
instrumental and experimental restrictions. The lifetime of organic luminescent 
probes is generally less than 100 ns.40 This restricts the time of observation and 
the information obtained when using time-resolved luminescent techniques to the 
nanosecond and picosecond timescale and requires more expensive 
instrumentation to obtain accurate data.13•65 
Understanding macromolecular conformation and dynamics is usually not 
accomplished by using a single method, but comes from a variety of methods. 
Each method contributes information that either confirms or contradicts the 
information of another. Only after numerous studies can a consensus be made. 
The desire to have one method provide all the necessary information is 
unrealistic. Instead, scientists focus on improving existing methods by developing 
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new techniques and improving instrumentation. Most of this effort is focused on 
spectroscopic techniques. 
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Chapter II - Introduction 
The study of macromolecular solution dynamics often uses organic luminophores 
as molecular probes to measure changes in molecular conformation. There is 
growing concern, however, that this class of probe will limit the ability to study the 
more complex structures of interest today because of short lifetimes and spectral 
interference. It is believed by many that organic luminophores will not provide the 
sensitivity and accuracy required to adequately describe complex 
macromolecules in solution.56 This concern has lead to a renewed interest in the 
development of transition metal complexes as luminescent molecular probes. 
Most of the current foclJs is on polypyridyl transition metal complexes of the 
platinum metals; Ru(II), Os(II), Re(I), Rh(II), and Ir(III). Complexes of these 
metasl are often characterized as having long lifetimes, wavelength independent 
radiative quantum yields, large absorptivities, and good chemical stability.13.66 
These are desirable features in a luminescent probe because they would allow 
for the use of time resolved experimentation with less expensive instrumentation, 
better signal discrimination, provide a time scale that is adequate for the 
measurement of molecular motions, and afford higher sensitivity with better 
efficiency.67 A particularly appealing feature of these complexes is the ability to 
modify the photophysical and photochemical properties of transition metal 
complexes synthetically.7 Thus, luminescent probes can be desjgned and 
engineered to suit a specific application, or simply adjusted to gain additional 
information. 
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The initial step in the design of a transition metal probe is to optimize the 
photophysical and photochemical properties. Photophysical and photochemical 
properties of transition metal complexes are determined primarily by the crystal 
field splitting (Llo) of the degenerate d orbitals into the low energy t29 and high 
energy eg orbitals.13,66 Polypyridyl complexes of the platinum metals mentioned 
d6above have low spin configurations with octahedral geometry.13 The 
magnitude of the splitting of the degenerate d orbitals is determined by the field 
strength of the ligands and the central metal.19 
Crystal field strength increases as the charge on the metal becomes more 
positive. It also increases, for a given charge, going down the periodic table.19 
Ligand crystal field strength varies as predicted by the spectrochemical series.19 
Excitation in these complexes involve the promotion of an electron from the filled 
t2g molecular orbital into an empty molecular orbital of higher energy to produce 
an excited state. Excited states are described by the transition path used to 
create them. A metal centered excited state (d-d*) results from promotion into the 
eg molecular orbital. A ligand centered excited state (IT - IT*) is formed by 
promotion from a molecular, predominately ligand centered, pi-bonding (IT) 
molecular orbital into a molecular, predominately ligand centered, pi-antibonding 
(IT*) molecular orbital. Charge transfer transitions require promotion of an 
electron between a predominately metal centered molecular orbital and a 
predominately ligand centered molecular orbital. A charge transfer transition can 
be either a metal-to-ligand charge transfer (MLCT) or ligand-to-metal charge 
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transfer (LMCT). In polypyridyl platinum metal complexes, the polypyridylligand 
is more readily reduced than the metal center, and MLCT is normally observed.56 
Einstein theorized that light absorbed by any molecule is capable of spontaneous 
emission.72 This theory applies to all excited states that can be reached by 
absorption. Emissions from multiple excited states are not usually observed. 
Nonetheless, Einstein's theory was supported by experimental data that 
measured low quantum yields (10-6) from multiple excited states.72 In 1950, 
Kasha stated an empirical rule that the emitting level of a given multiplicity is the 
lowest excited level of that multiplicity. In view of Einstein's theory, and the 
supporting data, this rule has been modified to state that the principle emitting 
level of a given multiplicity is the lowest of that multiplicity.72 With only a few 
known exceptions, Kasha's rule has held, and helps to explain why emissions 
from multiple excited states are not observed. Kasha's rule implies that the rate 
of nonradiative internal conversion to the lowest level of a multiplicity is much 
greater than the rate of emission from excited state energy levels above the 
lowest level. In molecules that have singlet ground states, fluorescence is from 
the lowest level of an excited singlet state, while phosphorescence is from the 
lowest level of an excited triplet state. Intersystem crossing, the process of 
nonradiative transition between states of different multiplicity, is slower than the 
rate for internal conversion. Organic molecules with IT-lT*or n-lT* excited states 
often exhibit phosphorescence at low temperatures where nonradiative 
processes are less effective. 
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The highest energy transitions observed for polypyridyl platinum complexes are 
13 66in the ultraviolet region and are due to ligand centered IT - IT· transitions.7• . 
These are allowed transitions with intense electronic absorptions that are similar 
to the free ligand. Transitions to the d-d* state are at lower energy, are formally 
forbidden, and are characterized by long radiative lifetimes, low molar 
absorptivities, weak emission intensities, and poor environmental sensitivity. In 
an octahedral configuration, the t2g molecular orbital is bonding and the eg 
molecular orbital is antibonding, with respect to the metal-ligand a-bonds.66 
Transition to a d-d* excited state weakens the metal-ligand a-bond and produces 
an excited state that is susceptible to molecular decomposition. 
There is some disagreement about the MLCT state absorption and emission 
processes. Current research suggest that in d6 low spin, octahedral, polypyridyl 
platinum metal complexes absorption is from the singlet ground state (So) into a 
singlet MLCT excited state CMLCT). Rapid intersystem crossing leads to 
emission from a triplet MLCT state eMLCT). 66 Although emission from 3MLCT 
excited states are formally forbidden, they are observed and are generally 
characterized by long lifetimes, high luminescent efficiency, and good molecular 
stability.66 The type of excited state observed will depend principally on the 
ligands, the metal, and the molecular geometry. All of these are elements are 
accessible to the scientist in engineering luminescent metal complexes. 
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An important distinction between polypyridyl platinum transition metal complexes 
and aromatic organic molecules is that spin-orbit coupling is enhanced in 
transition metal complexes. This allows for very efficient intersystem crossing. 
Emission from transition metal complexes generally originates from a triplet state 
to a singlet ground state. Even with a change in multiplicity, nonradiative decay 
from upper excited state levels to the lowest level excited occurs with nearly 
100% efficiency.13. 66 Emission in organic compounds can also originate from a 
triplet state. However, changes in multiplicity for organic compounds are formally 
forbidden and occurs at a much slower rate. Consequently, organic compounds 
often exhibit both fluorescence and phosphorescence while polypyridyl platinum 
metal complexes are almost entirely phosphorescent.13 The absence of 
fluorescence in metal complexes results from the enhanced spin-orbit coupling 
which lifts the forbiddance of intersystem crossing to the 3MLCT. Enhancement 
of intersystem crossing decreases fluorescent interference and increases 
lifetime. In addition to spin orbit coupling, the rate of intersystem crossing is 
influenced by the near degeneracy of excited state energies in transition metal 
complexes. 
Demas and DeGraff have developed a set of rules for the rational design of 
luminescent transition metal complexes.56 The purpose of these of rules is to 
provide a guide for the optimization of photophysical and photochemical 
properties in the design of luminescent transition metal complexes. These rules 
are summarized below: 
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• 	 Transitions to d-d* excited states are inherently photochemically unstable. 
In most cases, d-d* transitions decrease bond order. Optimum stability 
occurs with transitions to a charge transfer (MLCT or LLCT) or a TT-TT' 
excited state. Therefore, molecular stability is increased when the lowest 
energy transition is either a charge transfer or TT-TT·. 
• 	 The d-d* excited states must be well above the lowest level excited state 
(the emitting level) to avoid thermal excitation of this level. Thermal 
population of the d-d* excited state can result in photochemical instability 
and rapid nonradiative decay. 
• 	 Spin-orbit coupling should be high to enhance intersystem crossing and 
increase the efficiency of radiative decay. 
• 	 The lifetimes of pure TT-TT* phosphorescence are generally very long and 
subject to environmental quenching. Either spin-orbit coupling or 
molecular mixing with more allowed charge transfer states must exists to 
increase the effiCiency of TT-TT' phosphorescence. 
• 	 The lowest energy excited state must not be too close to the energy of the 
ground state. The energy gap law states that nonradiative decay becomes 
more efficient as the emitting state approaches the ground state.4.13.68.69 
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These rules emphasize two major points: (1.) successful probe design involves 
preventing the d-d* excited state from competing with emission processes and 
contributing to molecular instability, and (2.) orbital mixing is necessary to obtain 
high luminescent quality. The energy of the d-d* excited state is controlled by the 
magnitude of flo. The d-d* state increases in energy as the magnitude of flo 
increases. As previously stated, the magnitude of flo is controlled by the 
selection of the metal and ligands. 
Spin-orbit coupling is another important design consideration and is most 
effectively enhanced in metals with high atomic numbers. This is probably why 
the fourth and 'fifth row transition metals have found such success as luminescent 
sensors and probes. The rate of intersystem crossing can be drastically 
increased in organic molecules by incorporating a heavy atom, thus 
demonstrating the importance of spin-orbit perturbation on the rate of intersystem 
crossing.72 Incorporation of an additional heavy atom, slJch as iodine, into a 
polypyridyl ligand of a metal complex has shown minimal increase in luminescent 
quality, and may add to complex instability.66 
Mixing of the of IT-IT' and MLCT excited states can often to lead to increased 
lifetimes and luminescent quality. However, if mixing results in a molecular orbital 
with mostly IT-IT' character, some of the other desirable probe properties (such as 
environmental sensitivity and complex stability) may be adversely affected. In 
Page 19 
polypyridyl platinum complexes the energy of the IT-lT* is determined by the metal 
and the polypyridyl ligand. For a given metal in a specific oxidation state, the 
energy of the IT-lT* excited state is significantly influenced by the substituents on 
the polypyridyl ligand. Generally, it is difficult to predict which ligand slJbstituents 
will enhance mixing with the MLCT; usually several ligand substituents are 
examined for their effect. 
The impact that the metal has on the photophysical and photochemical 
properties is demonstrated by the three complexes Ru(bpy)l+, Os(bpy)l+, and 
Fe(bpyh2+ (bpy = 2,2'-bipyridine). All three are iso-structural, in a low spin d6 
configuration, with the same oxidation state, and similar IT-lT* transitions. The 
MLCT absorption band is 510 nm for Fe(bpy)l+, 450 nm for Ru(bpYh2+, and 
more than 700 nm for Os(bpy)l+.66 There is a significant difference among 
these three complexes in the quality of their luminescent properties. Ru(bpy)l+ is 
luminescent, Os(bpy)l+ is slightly luminescent and Fe(bpy)l+ is non­
luminescent. 13.66 The difference in luminescent quality is explained by the effect 
that the magnitude of lJ.o has on the ordering of the excited state energies. In this 
series of complexes, the magnitude of lJ.o is determined by the metal. The order 
of lJ.o increases as asCII) > Ru«lI) > Fe(II). Fe(bpyh2+ has no emission at room 
temperature or at 77 K because the lowest level excited state is the 3d-d* state, 
which is close to the ground state. The 3d-d* state quenches emission by 
depleting the population of the upper level excited states. The low atomic number 
of Fe does not provide significant spin-orbit coupling to enhance the rate of 
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radiative decay, and emission from 3d-d* is strongly forbidden. These two factors 
favors nonrad iative decay as a more effective pathway for excited state 
relaxation. Raising the 3d-d* state above the 3MLCT state, as in Ru(bpYh2+, 
increases the efficiency of radiative decay. Since the MLCT state of Ru(bpyh2+ is 
also well above the ground state, nonradiative decay, as predicted by the energy 
gap law, is minimized. With the larger 1:10 of Os(lI) it is surprising that Os(bpy)l+ 
is characterized as only slightly luminescent. Compared to Ru(bpY)32+, the larger 
l:.o on Os(lI) is expected to raise the deactivating 3d-d* state even further above 
the 3MLCT state and increase the energy difference between the 3d-d* and 
3MLCT states. As indicated by the low electronic absorption energy of 
Os(bpy)J2+, the 3MLCT lies closer to the ground state than Ru(bpy)J2+. 
Decreasing the energy difference between the 3MLCT emitting state and the 
ground state increases the rate of nonradiative decay as predicted by the energy 
gap law. Consequently, nonradiative deactivation of the excited state is 
enhanced in Os(bpy)J2+. 
Ligand influence on the excited state manifold is demonstrated in the two 
complexes [Co(CN)6]3- and [Co(bpy)J]3+ (CN- = cyanide anion). [Co(bpy)J]3+ is 
not emissive at room temperature because the weaker crystal field strength of 
2,2'-bipyridine lowers the d-d* state below the MLCT state. Analogous to the 
Fe(bpy)l+ example, the d-d* excited state quenches emissions by nonradiative 
pathways. [Co(CN)6]3- also has no room temperature luminescence, but In the 
solid state has an intense red luminescence at 77 K due to a d-d* transition.66 
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Cyanide, a very strong field ligand, raises the d-d* states to such a high level that 
radiative decay becomes a more allowed relaxation pathway. There are no 
accessible ligand absorptions, and charge transfer transitions are beyond the UV 
region. The complex readily decomposes at room temperature when irradiated. 
These examples illustrate the difficulty in applying the rules for designing 
luminescent transition metal probes. Maximizing flo to eliminate the pernicious 
effects of the d-d* transition produced the poorly luminescent Os(bpy)J2+ and 
unstable CO(CN)63- complexes. This is a common problem encountered in probe 
design. Maximization of one parameter to improve a particular quality is often 
antagonistic to another, equally important, quality. One approach to overcome 
this is to use a mixed ligand design. 
In mixed ligand complexes, the magnitude of flo is the average crystal field 
strength of the ligand and the metal. This has the potential of fine-tuning 
photo physical and photochemical properties by an appropriate selection of strong 
and weak field ligands. For example, at 77 K, Rh(bpy)J3+ has a highly emissive 
TT- TT* phosphorescence with a maximum emission at 446 nm, and very long 
radiative lifetime in the msec range. There is no measurable emission at room 
temperature. The rate of radiative decay is decreased by the long lifetime so that 
at room temperature it cannot effectively compete with the rate of nonradiative 
decay. At 77 K the rate of nonradiative decay is decreased so that the rate of 
radiative decay dominates. Long lifetime is desirable in a luminescent probe. 
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However, the rate of radiative decay is proportional to the reciprocal of lifetime. 
Lifetimes of long duration yield very low rates of radiative decay, and emissions 
are easily quenched by the solvent. Excessive lifetimes can be decreased 
through mixing the IT-lT* state with a charge transfer state, or by increasing spin­
orbit coupling. Decreasing 8 0 enhances mixing of the excited states in 
Rh(bpy)a3+. The complex cis-Rh(bpY)2CI2+ at 77 K has a broad featureless 
emission spectrum with a maximum emission at 740 nm, and a much shorter 
7olifetime.56• Emission in cis-Rh(bpY)2CI2+ is from a 3d-d* state because the 
charge transfer states are too high in energy to emit in the UV or visible region. 
In this case, the weaker ligand changed the energy manifold and produced a 
complex with better luminescent character. Similarly, Ru(bpY)2(CN)2 is emissive 
at room temperature, but Ru(bpY)2(CN)CI is not.56 The chloride ligand decreases 
the magnitude of Il.o by lowering the 3d-d* energy state so that radiative decay 
cannot compete effectively with nonradiative decay. 
Changes in crystal field strength can adversely affect molecular stability without 
significantly improving photophysical properties. The electronic absorption 
spectra of Ru(bpy)a2+ and cis-[Ru(bpY)2(py)212+ (py = pyridine) are nearly identical 
and at 77 K both have similar emission spectra. At room temperature Ru(bpy)a2+ 
is luminescent, while cis-[Ru(bpY)2(pY)2]2+ is not and decomposes easily. 
Pyridine, a weaker field strength ligand than 2,2'-bipyridine, decreases the 
energy difference between the 3d-d* and 3MLCT states. The smaller energy 
difference between the 3d-d* and 3MLCT states allows the 3d-d* state to be 
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thermally accessible. Population of the 3d-d* state introduces emissive quenching 
and decreases complex stability. There is little effect on the 3MLCT state 
because this is predominately an orbital of 2,2'-bipyridine. The 3d-d* state of 
Ru(bpyh2+ is also thermally accessible at room temperature, but since the energy 
difference between the 3d-d* and 3MLCT states is larger, thermal accessibility is 
not as efficient. Also, there is additional stability in Ru(bpy}l due to the chelate 
effect of 2,2'-bipyridine. 
A ligand commonly found in transition metal complexes is the carbonyl ligand 
(CO). Unlike most organic ligands, the carbonyl ligand stabilizes the t2g molecular 
orbital resulting in a larger flo and a higher energy MLCT state. Os(phenh2+ 
(phen =1,10-phenanthroline) has maximum absorption and emission bands at 
430 nm, and 710 nm, respectively, and a lifetime of 74 ns. In contrast 
[Os(phen}2CI(CO}t has its maximum absorption and emission bands is at 365 
nm and 646 nm, respectively, and a 234 ns lifetime. Os(phenh2+ is slightly 
luminescent because of the small energy difference between the MLCT and the 
ground state, this is analogous to the discussion of Os(bpYh2+. In 
[Os(phen)2CI(CO}t the energy difference between the MLCT and ground states 
is larger. The complex is characterized as being very luminescent without any 
significant decrease in molecular stability. 
Luminescent probes intended for the study of macromolecular solution dynamics 
must also have good environmental sensitivity. The probe should be capable of 
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reporting small changes in the local solvent environment. Sensitivity to 
environmental changes in transition metal complexes is qualitatively determined 
by the extent of solvatochromism; observable shifts in the absorption or emission 
band due to solvent interaction. Complexes that show the strongest 
solvatochromatic effects are those that have large changes in permanent dipole 
moment upon excitation to, or relaxation from, the excited state. Generally, 
these are complexes with asymmetric MLCT states. Ru(bpy)l+ has a small 
solvatochromatic effect because the three 2,21-bipyridine ligands are arranged in 
spherical geometry and can shield the metal center from significant solvent 
interaction, and the MLCT is delocalized over the three bpy ligands. In contrast, 
Ru(bpYh(CNh exhibits a very strong solvatochromatic effect because the 
cyanides are smaller and less effective in shielding the metal. The extent that 
ligand shielding can affect solvatochromism is demonstrated by a series of 
related Ru(lI) polypyridyl complexes. Ru(bpyh2+ is slightly sensitive to solvent 
changes, Ru(phen)a2+ (phen = phenanthroline) is much less so, and 
Ru(Ph2phen)a2+ (Ph2phen = 4,7-diphenyl-1, 10-phenanthroline) is nearly 
insensitive. Solvatochromism is maximized in mixed ligand complexes where the 
most easily reduced ligand is not stericallY shielded. 
Organic probes are associated with a macromolecule by covalent bonding, 
intercalation, ionic attraction, hydrophobic interaction, or guest-host interaction. 
Covalent attachment is preferred for solution dynamic studies because it 
eliminates ambiguity in probe location. The necessary chemistry for covalent 
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attachment must be incorporated into the design of the probe so that few 
unwanted products are formed. In addition, the chemistry for probe and 
macromolecule attachment must be complimentary. 
There are many examples of probes and sensors based on polypyridyl platinum 
13 66metal complexes.7. . The aforementioned examples clearly show that the 
design of luminescent transition metal probes is neither simple or straightforward. 
In most, if not all, cases a compromise is made between luminescent quality, 
lifetime, photochemical stability, and environmental sensitivity. As probes for the 
study of macromolecular solution dynamics, polypyridyl tricarbonyl Re(l) 
complexes may offer the best compromise. 
Polypyridyl tricarbonyl Re(l) complexes are generally characterized as being 
stable, highly luminescent, and having good solvatochromatic properties?·8 
Complexes of the type fac-ReL(CO):Y( (L = polypyridyl ligand, X = halide, 
pyridine, nitrile, or isonitrile) can have IT-lT· and MLCT excited states that are 
nearly isoenergetic.5. 17. The lowest level excited state can be switched between 
the two by small changes in ligand structure or temperature.66 In the series of 
[(bpy)Re(CO)3NC(CH2)nCH3t (n =1 - 17) complexes it was shown that the 
character of the excited state changed from predominately 3MLCT to a mixture of 
3lT-lT* and 3MLCT as the value of n is increased.5.17 In this example, state mixing 
seemed to incorporate all the best features. Environmental sensitivity and 
efficient radiative decay rates were obtained from the 3MLCT state, while 
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increased lifetime came from the 3lT_lT* state. Surprisingly, Re{l) complexes show 
decreasing rates of nonradiative decay even in complexes where the IT-lT* state 
is the 10west,66 The efficient emissions observed in Re(l) complexes are a unique 
phenomenon among the platinum metals. The cause of this phenomenon is 
uncertain, however, contributing factors must be the large Re atomic number, 
which increases spin-orbit coupling and decreases the forbiddance of 
phosphorescence, and the near degeneracy of the MlCT and IT-lT' states that 
allows for better state mixing. 
It was also reported that the alkyl chain in the [(bpy)Re{COhNC{CH2)nCH3t (n = 
1 - 17) series influenced luminescent character by folding back onto the 2,2'­
bipyridine ligand.17 It appears that ligand back folding creates a 
microenvironment about the 2,2'-bipyridine which modifies the energy of the 
3MlCT excited state. Modification of the 3MlCT energy is demonstrated in the 
emission character and photophysical properties of the complex. The observed 
changes for the series is not a simple monotonic progression of alkyl chain 
length.17 It was postulated that for certain chain lengths there is a preferred 
conformation about the 2,2'-bipyridine ligand, which interacts differently than can 
be predicted. This significant finding provides strong evidence that polypyridyl 
Re(l) transition metal complexes are capable of detecting changes in the 
microenvironment due to conformational changes. Moreover, it suggests a high 
level of sensitivity with a measurable difference in luminescent character 
resulting from a few methylene carbons.17 
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Tricarbonyl polypyridyl Re(l) complexes are good models for the design of 
luminescent metal probes. They offer an acceptable compromise between 
photochemical stability and luminescent quality, and the unique findings of 
[(bpy)Re(CO)aNC(CH2)nCH3t (n =1 - 17) complexes suggest that they are well 
suited as probes in the study of macromolecular solution dynamics. A complex 
that meets this criteria is [(bpy)Re(CO)a(py)t. The complex contains the 
photophysical and photochemical properties polypyridyl tricarbonyl Re(l) 
complexes, and a convenient site for macromolecular attachment using the 
pyridine ligand. The focus of this investigation is to evaluate the potential of 
[(bpy)Re(CO)a(py)t as a luminescent probe for the study of macromolecular 
solution dynamics. 
"-~~---------
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Chapter III 

Instrumentation and Experimental Methods 

1. Preparative Materials 
All preparative solvents except for tetrahydrofuran (THF) and acetone were 
reagent grade and used without further purification. THF was distilled over 
sodium metal with benzophenone indicator. Acetone used in coupling pyridine 
ligands to rhenium complexes was distilled before use. Acetonitrile (MeCN) and 
methylene chloride (MeCI2) solvents used in photophysical measurements are 
spectrophotometric grade and were purchased from Aldrich. 1H-NMR spectra 
were recorded in deuterated solvents obtained from Aldrich. Table 1 lists other 
reagents used that are commercially available. Abbreviations used to describe 
reagents and their molecular structures are provided in Table 2. 
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Table 1 - Commercially Available Reagents 
Reagent 
Pentacarbonylrheniumchloride 
2,2' -Bipyridine 
Benzyl Bromide 
4-Hydoxypyridine 
Trifluoromethanesulfonic Acid 
Potassium terl-Butoxide 
4-methylpyridine (4-picoline) 
4-methoxypyridine 
4-cyanopyridine 
Triphenylphosphine 
Carbon T etrabromide 
3,5-Dimethoxybenzylalcohol 
3,5-Dibenzyloxybenzaldehyde 
Lithium Chloride 
Pyridine 
Neutral Alumina 
Ammonium Hexafluorophosphate 
Silica Gel Absorbent (200 - 400 mesh, 60 A) 
N,N-dimethylaniline 
Sodium Sulfate 
Silica gel (TLC plate) 
Alumina (TLC plate) 
CAS # 
14099-01-5 
366-18-7 
100-39-0 
626-64-2 
1493-13-6 
865-47-4 
108-89-4 
620-08-6 
100-48-1 
603-35-0 
558-13-4 
705-46-0 
14615-72-6 
7447-41-8 
110-86-1 
1344-28-1 
1641-11-0 
Source 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Fisher 
Aldrich 
112926-00-8 Fisher 
121-69-7 Aldrich 
7757-82-6 Fisher 
112926-00-8 Aldrich 
1344-28-1 Aldrich 
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Table 2· Abbreviations 
MeCN 
py 
bpy 
[(bpy)Re(COh(py-H)t, or py-H 
[(bpy)Re(COh(py-CH3)t ,or Py-CH3 
[(bpy)Re(COh(py-CN)t • or py-CN 
[(bpy)Re(COh(py-OCH3)t ,or Py-OCH3 
[(bpy)Re(COh(py-Benzoxy)t ,or py-Benzox 
[(bpy)Re(COh(py-DMB)t ,or py-DMB 
DMA 
Name 
Acetonitrile 
Pyridine 
Methylene Chloride 
2,2'-bipyridine 
2 ,2'-bipyrid inepyrid inetricarbonyl rhenilJm(l, 
2,2'-bipyridine-4-methylpyridinetricarbonyl 
rhenilJm(l) 
2,2'-bipyridine-4-cyanopyridinetricarbonyl 
rhenium(l) 
2 ,2'-bipyrid ine-4-methoxypyrid inetricarbon} 
rhenium(l) 
2.2'-bipyridine-4­
benzyloxypyridinetricarbonyl rhenium(l) 
2.2'-bipyridine-4-(2' ,3'­
dimethoxybenzyloxy)pyridinetricarbonyl 
rhenium(l) 
N,N-dimethylaniline 
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2. Instrumentation 
2.1. Electronic Absorption Spectroscopy 
A Hewlett-Packard 8542A photodiode array UV-Vis spectrophotometer with 2 nm 
spectral resolution was used to measure and record absorption spectra. Sample 
concentrations from 1 JlM to 50 JlM were contained in a 1 cm quartz curette and 
referenced against an appropriate solvent blank. The spectrophotometer was 
controlled by a Hewlett-Packard Vectra OS/20 microcomputer with software 
supplied by the manufacturer. Permanent data storage was on floppy disk. 
2.2. Luminescence Spectroscopy 
A Jobin-Yvon Spex T au2 fluorometer recorded and stored steady state emission 
spectra. The spectrofluorometer consisted of a 450W Xenon lamp, single grating 
excitation monochrometer, T -box sampling compartment, and a single grating 
emission monochrometer. Slit widths were adjusted to maximize detector 
sensitivity and response. Sample emissions were measure at right angle relative 
to the incident radiation and detected by a Hamamatsu R928 red-sensitive 
photomultiplier tube, which has an absolute low energy cutoff at 930 nm. All 
emission spectra were corrected for instrument response by an internal 
Rhodamine B quantum counter and specific correction files supplied by the 
manufacturer. Data was recorded and displayed on an IBM PC using the 
DM3000F software supplier by the manufacturer. This software was also used to 
store data, control the instrument, and analyze raw data. 
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2.2.1. Quantum Yield 
Quantum yields were calculated relative to tris(2,2'­
bipyridine )ruthenium(lII) hexafluorophosphate ([Ru(bpy)a)](PF6)2) in 
aerated H20 (Equation 1 in the Results section).3,6,81-82 Relative 
luminescent quantum efficiencies (<Dr) were determined on 
deoxygenated samples using the freeze-pump-thaw technique (three 
times) at optically dilute concentrations (absorbance at excitation 
wavelength < 0.1). 
2.2.2. Quenching 
Reductive quenching studies were done using N,N-dimethylaniline 
(DMA) as the quencher. The concentration of DMA ranged from 79 
mM to 1.6 M and the concentration of the rhenium (I) polypyridyl 
complex ranged from 20 J..I.M to 30 J..I.M. The samples were contained 
in a 1 cm quartz fluorescence cells (Starna Model 3-Q-10-GL14-S) 
fitted with a Teflon lined septum screw cap. The concentration of 
dissolved 02 was decreased by nitrogen bubbling for fifteen minutes. 
The emission intensity of the complex without the presence of 
quencher (10) was recorded, then an aliquot (3 J..I.L) of DMA was 
injected into the sample (through the septum) and the sample 
emission intensity in the presence of quencher (I) was measured. The 
cycle of aliquot addition followed by measurement of emission 
intensity was repeated until the measured emission intensity was 
about 50% of the initial intensity. Data was analyzed using the Stern­
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Volmer equation (see Equations 3a and 3b in Experimental Results) 
to determine the quenching rate constant, kq. 
2.2.3. Excited State Decay 
Emission lifetimes were measured by flash photolysis. A pulsed 
nitrogen laser (Photochemical Research Associates Model LN 100) 
excited the sample at 337 nm with pulse width of 300 ps. Sample 
emission was measure at a right angle to the excitation pulse by a 
Hamamatsu R928 red-sensitive photomultiplier tube. The wavelength 
of observation was selected by an Instruments SA Model H10 1200 
monochrometer (2 mm slit widths, 16 nm bandpass). Current 
produced by the photomultiplier tube was converted to voltage by a 
50-ohm resistor. Voltage-time data was recoded on a LeCroy 9361 
Dual 300 MHz 2.5GS/sec oscilloscope. The average of 1000 sweeps 
per sample was collected and stored to floppy disk. The stored data 
was converted to ASCII format using the software supplied by 
LeCroy, and finally put into time-voltage format using Microsoft® 
Excel. 
2.3. Electrochemistry 
Cyclic voltammogram measurements were acquired using a BAS C-50W 
electrochemical analyzer with a CV-2 Faraday Box cell stand. Measurements 
were carried out in dry acetonitrile with 0.1 M tetrabutylammonium 
hexafluorophosphate (TBAH) as the supporting electrolyte and ferrocene as an 
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internal standard. Samples were bubbled with nitrogen gas to remove 02. The 
electroanalytical cell consisted of a platinum disc working electrode, and a 
platinum wire auxiliary electrode. The reference electrode was a silver wire. 
2.4. NMR 
All NMR spectra were taken on a Varian 500 MHz NMR spectrometer using 
VNMR software supplied by the manufacturer. 
2.5. Infrared 
Infrared spectra were measured on a Midac Model PRS FTIR spectrometer using 
Midac Grams 385 software program and an IR cell with NaCI windows. Dilute 
sample concentrations were prepared in dry methylene chloride. Sixteen scans 
1were summed from 4000 cm-1 to 600 cm-1 with a 4 cm- spectral resolution. 
Scans were converted to ASCII format and stored on floppy disk. 
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3. Synthesis 
3.1. fa0-(2,2' -bipyridine)Re(COhCF3S03 (2) 
This was a multi step synthesis based on the reported works of Casper, 
Sullivan, and Meyer, and developed by Hanlon.1-3 A schematic 
representation of this procedure is shown in Figure 1. 
One equivalent of (bpy)Re(COhCI (3.8g 8.2 mmole) was dissolved in 150 
mL of MeCb. Six equivalents of CF3S03H (7.4g, 48 mmo/e, 8.5 mL) were 
slowly added. The mixture was refluxed for 2 hours and then cooled to 
room temperature. Precipitation of a bright yellow solid was induced by 
the addition of 400 mL of diethyl ether. The solid was collected by filtration 
and dried under vacuum. Yield was 94%. and the purity was verified by 
TLC (alumina/MeCN): Rf = 0.9 (bpy)Re(COhCI), Rf = 0.0 
(bpy)Re(CO hCF 3S03. 
3.1.1. fac-(2,2' -bipyridine)Re(COhCI (1) 
One equivalent of Re(CO)5CI (3g, 8.2 mmole) was slurried in 100 mL 
of toluene. To this was added 1.3 equivalents of 2,2'-bipyridine (1.7g, 
10.8 mmole) and the mixture was refluxed under N2 for 18 hours. A 
bright yellow product precipitated. The product was filtered and 
vacuum dried to give a yield of 98%. The product was used without 
further purification. 
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+ ... +HC1Re(CO)5C1 ""Re" ... 
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CI 
Rheniumpentacarbonyl (bpy) (1 ) 
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Figure 1 - Synthetic scheme for (bpy)Re(CO)3(CF3S03) (bpy = 2.2'-bipyridine) 
(2) 
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3.2. 	 fac-[(2,2'-bipyridine)Re(COh(pyridine)]CF3S03 (3) 
This complex was prepared by dissolving 0.5g of (bpy)Re(COh(CF3S03) 
(0.9 mmole, 1 equivalent) in 50 mL of dry THF. To this was added 0.5 mL 
of pyridine (0.5g, 6 mmole, 7 equivalents) and the mixture refluxed under 
N2 for 8 hours. The reaction mixture was cooled to room temperature and 
the solvent removed under reduced pressure to give a crude product. The 
crude product was reconstituted in a minimal volume of acetone and 
separated on an alumina adsorbent column using 4:1 acetone:MeCl2 as 
the mobile phase. The first bright yellow band was collected and its 
solvent removed under reduced pressure. This impure product was 
reconstituted in a minimal volume of acetone and precipitated from 
hexanes to give a pure yellow solid in 54% yield. A schematic 
representation of this procedure is shown in Figure 15. TLC (alumina/4:1 
acetone:MeCI2); Rf = 0.0 ((bpy)Re(COh(CF3S03», Rf = 1.0 (py) Rf = 0.3 
([(bpy)Re(COh(py)](CF3S03». 1H NMR (CD3CN, Figure 3) l) 7.33 (d, J = 7 
HZ,2 H), 7.82 (t, J = 7 Hz, 2 H), 7.89 (t, J = 8 Hz, 1 H), 8.23 - 8.31 (m,2 
H), 8.30 (d, J = 8 Hz, 2 H), 8.41 (d, J = 8 Hz, 2 H), 9.25 (d, J = 6 Hz, 2 H). 
IR (CH2CI2, Figure 4) 3052 cm-1 (Aryl C-H), 2364 - 2306 cm-1 (Aryl C=N), 
2036 cm-1(CO), 1936, 1914 cm-1(CO). 
- -"------------
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Figure 2 - 1H NMR spectra of pyridine (py) in acetonitrile-d3. 
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Figure 3 - 1H NMR spectrum of [(bpy)Re(CO)3(Py)](CF3S03) in acetonitrile-d3. 
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Figure 4 - IR spectrum of [(bpy)Re(CO)a(py)](CF3S03) in CH2CI2. 
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3.3. 	 fac-[(2,2'-bipyridine)Re(CO)a(4-methypyridine)]PF6 (4) 
This complex was prepared by dissolving 0.5g of (bpy)Re(CO}J(CF3S03) 
(0.9 mmole, 1 equivalent) in 50 mL of dry THF. A second solution was 
prepared by diluting 1.1 mL (1.05g, 11.3 mmole, 12 equivalents) of freshly 
distilled 4-methylpyridine (Py-CH3) in 10 mL of dry THF. The Py-CH3 
solution was added slowly to the (bpy)Re(CO)a(CF3S03) solution. This 
mixture was refluxed for 4 hours, cooled to room temperature, and solvent 
removed under reduced pressure. The crude product was dissolved in 15 
mL of ethanol and mixed with 10 mL of a 0.01 mg/mL solution of 
ammonium hexafluorophosphate (NH4PF6) in H20. A pure yellow product 
in 94% yield was precipitated. This procedure is shown schematically in 
Figure 15. TLC (aluminal4:1acetone:MeCb); Rf = 0.0 
«bpy)Re(COh(CF3S03». Rf = 0.8 (py-CH3), Rf = 0.6 ([(bpy)Re(CO)a{py­
CH3)]{PF6». 1H NMR (CD3CN, Figure 6) ~ 2.30 (s, 3 H), 7.15 (d, J = 6 Hz, 
2H), 7.81 (t, J = 7 Hz, 2H), 8.08 (d, J = 7 Hz, 2H), 8.29 (t, J = 8 Hz, 2H), 
8.40 (d, J = 8 Hz, 2H), 9.23 (d, J = 6 Hz, 2H). IR (CH2Cb, Figure 7) 3053 
cm-1(Aryl C-H), 2362 - 2306 cm-1 (Aryl C=N). 2036 cm-1(CO), 1936, 1914 
cm-1 (CO). 
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Figure 5 - 1H NMR spectrum of 4-methylpyridine (Py-CH3) in acetonitrile-d3. 
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Figure 6 - 1H NMR spectrum of [(bpy)Re(CO)s(py-CH3)]PFs in acetonitrile-d3. 
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Figure 7 - IR spectrum of [(bpy)Re(COh(py-CH3)]PF6 in CH2CI2. 
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3.4. 	 fac-[(2,2'-bipyridine)Re(CO)a(4-methoxypyridine)]CF3S03 (5) 
This complex was prepared by dissolving 0.5g of (bpy)Re(CO)a(CF3S03) 
(0.9 mmole, 1 equivalent) in 50 mL of dry THF. A second solution was 
prepared by diluting 0.6 mL (O.64g, 5.9 mmole, 7 equivalents) of 4­
methoxypyridine (py-OCH3) in 10 mL of dry THF. The Py-OCH3 solution 
was slowly added to the (bpy)Re(CO)a(CF3S03) solution and the mixture 
was refluxed for 4 hours, cooled to room temperature, solvent removed 
under reduced pressure, and vacuum dried. The crude product was 
dissolved in a minimum volume of MeCN and eluted from an alumina 
adsorbent using 7:3 toluene:MeCN as the initial mobile phase and 
gradually increasing the proportion of MeCN to 100%. The first bright 
yellow band was collected and its solvent removed under reduced 
pressure. This impure product was reconstituted in a minimum volume of 
acetone and precipitated from hexanes to give a bright yellow solid. The 
product was collected by filtration and dried under vacuum. Yield was 
84%. A schematic representation of this procedure is shown in Figure 15. 
TLC (aluminalMeCN); Rf = 0.0 {(bpy)Re(CO)3(CF3S03», Rf = 0.6 
([{bpy)Re(CO)a(py-OMe)]CF3S03), Rf = 0.8 (py-OMe). 1H NMR (CD3CN, 
Figure 9) l) 3.81 (s, 3H), 6.80 (d, J = 8 Hz, 2 H), 7.81 (t, J = 6 Hz, 2 H), 
8.03 (d, J = 7 Hz, 2 H), 8.29 (t, J = 8 Hz, 2 H), 8.40 (d, J = 9 Hz, 2 H), 9.23 
(d, J = 5 Hz, 2 H). IR (CH2CI2, Figure 10) 3054 crn-1 (Aryl C-H), 2306 cm-1 
(Aryl C=N), 2034 cm-1(CO), 1932 cm-1 (CO). 
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Figure 8 - 1H NMR spectrum of 4-methoxypyridine (py-OCH3) in acetonitrile-d3. 
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Figure 9 - 1 H NMR spectrum of [(bpy)Re(CO)J(py-OCH3)](CF3S03) in 
acetonitrile-d3. 
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Figure 10 -IR spectrum of [(bpy)Re(CO)a(py-OCHa)](CFaSOa) in 
CH2CI2. 
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3.5. fac- [(2,2'-bipyridine)Re(COh«4-cyanopyridine)]CF3S03 (6) 
This complex was prepared by dissolving 0.5g of (bpy)Re(COh(CF3S03) 
(0.9 mmole, 1 equivalent) in 50 mL of dry THF. A solution of 4­
cyanopyridine (py-CN) was prepared by dissolving 0.3g of py-CN (2.7 
mmole, 3 equivalents) in 10 mL of dry THF. The py-CN solution was 
slowly added to the (bpy)Re(COh(CF3S03) solution. This mixture was 
heated to 60° C for 4 hours, cooled to room temperature, solvent removed 
under reduced pressure, and vacuum dried. The crude product was 
dissolved in a minimum volume of MeCN and eluted from an alumina 
adsorbent using MeCN as the mobile phase. The first bright yellow band 
was collected and its solvent removed under reduced pressure. This 
impure product was reconstituted in a minimum volume of acetone and 
precipitated from hexanes to give an orange solid. The product was 
collected by filtration and dried under vacuum. The yield was 74%. A 
schematic representation of this procedure is shown in Figure 15. TLC 
(alumina/MeCN); R, = 0.0 «bpy)Re(COh(CF3S03», R, = 0.6 
([(bpy)Re(COh(py-CN)](CF3S03» R, = 1 (py-CN). 1H NMR (CD3CN, 
Figure 12) 6 7.94 (d, J = 7, 2 H), 7.83 (t, J = 7, 2 H), 8.31 (t, J = 8, 2 H), 
18.48 (d, J = 6, 2 H), 9.23 (d, J = 5, 2 H). IR (CH2Cb, Figure 14) 3056 cm­
(Aryl C-H), 2360, 2342 cm-1 (Aryl C=N), 2038 cm-1 (CO), 1944 1 cm-1 
(CO). 
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Figure 11 - 1H NMR spectrum of 4-cyanopyridine (py-CN) in acetonitrile-d3. 
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Figure 12 - 1H NMR spectrum of [(bpy)Re(CO)J(py-CN)J(CF3S03) in 

acetonitrile-d3. 
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Figure 13 -IR spectrum of 4-cyanopyridine (py-CN) in CH2Cb. 
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Figure 14 -IR spectrum of [(bpy)Re(CO)s(py-CN)](CFaSOa) in CH2CI2. 
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Figure 15 - Synthetic scheme for [(2,2'-bipyridine)Re(COh(py-Y)]Z (Z =CF3S03- or PFa-.) 
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3.6. 	 fae- [(2,2'-bipyridine)Re(CO)a«4-benzyoxypyridine)]CF3S03 (8) 
This multi-step synthesis was prepared by modification of a procedure 
reported by Hanlon in 1998.3 A schematic representation of this synthesis 
is shown in Figure 19. 
One equivalent of (bpy)Re(COh(CF3S03) (0.4 mmole, 0.2g) was 
dissolved in a minimal volume of acetone, which was distilled just prior to 
use, and stirred at room temperature for 1 hour. A second solution 
prepared by dissolving 0.1g of py-Benzox (0.6mmole, 1 equivalents) in 
acetone was added slowly, and the mixture was then refluxed for 4 hours. 
After 4 hours, the solvent was reduced to a minimum volume under 
reduced pressure. The crude product was purified by liquid column 
chromatography using alumina adsorbent and 3:7 toluene:acetone mobile 
phase. The first yellow band was collected. After removal of the solvent 
under reduced pressure, a yellow solid was obtained in 44% yield. TLC 
(aluminal3:7 toluene:acetone); Rf = 0 «bpy)Re(CO)3(CF3S03», Rf = 0.8 
([(bpy)Re(CO)J(py-Benzox)]CF3S03), Rf = 0 (py-Benzox). 1H NMR 
(DMSO-da, Figure 17) 0 5.45 (s, 2 H), 5.65 (s, 2 H), 7.40 - 7.50 (m, 3 H), 
7.72 - 7.77 (m, 4 H), 8.33 (t, J = 8,2 H), 8.77 (d, J =8, 2 H), 8.99 (d, J = 
7,2 H), 9.03 (d, J = 6, 2 H). IR (CH2Cb, Figure 18) 3054 cm-1 (Aryl C-H), 
2360,2341 cm-1(Aryl C=N), 2024 cm-1 (CO), 1923, 1901 cm-1 (CO). 
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3.6.1. 4-benzyoxypyridine (7, py-Benzox) 
One equivalent (1.0g, 10 mmole) of 4-hydroxypyridine (py-OH) was 
dissolved in a minimal volume of absolute ethanol. To this solution was 
added 40 mL of dry THF and 1.4g of potassium t-butoxide (1.2 
equivalents, 13 rnmole). The mixture was refluxed under N2 for 2 hours 
then cooled to room temperature. A second solution was prepared by 
diluting 2.7 mL (3.9g, 23 mmole, 2.1 equivalents) of benzyl bromide 
with 10 mL of dry THF. This benzyl bromide solution was slowly added 
to the py-OH solution and the mixture heated to 600 C for 8 hours. The 
solvent was removed under reduced pressure and the resulting solid 
dissolved in 50 rnL of MeCI2. An equal volume of H20 was added and 
the mixture extracted (4 x 50 mL). The organic layers were collected 
and the aqueous layer extracted twice more with MeCI2. The solvent of 
the collected organic phases was removed under reduced pressure 
and the resulting solid dissolved in a minimal amount of ethanol. The 
pure product, 72% yield, was obtained by precipitation from hexanes. 
TLC (alumina/MeCN); Rf = 0.8 (py-OH), Rf = 1.0 (benzyl bromide) Rf = 
0.1 (py-Benzox). 1H NMR (DMSO-ds, Figure 16) (j 5.26 (St 2 H), 5.49 
(s,2 H), 7.26 (s, 1), 7.34 Cd, J = 8, 2 H), 7.37 Cd, J = 7, 4 H), 8.48 Cd, J 
=7,2H). 
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Figure 16 - H1 NMR spectrum of 4-benzyoxypyridine (py-Benzox) in dimethyl 
sulfoxide - d6. 
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Figure 17 - H1 NMR spectrum of [(bpy)Re(CO)3(py-Benzox)](CF3S03) in 
dimethyl sulfoxide - d6. 
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Figure 18 - IR spectmm of [(bpy)Re{COh{py-8enzox)]{CF3S03) in CH2CI2. 
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Figure 19 - Synthetic scheme of [(bpy)Re(CO)3(py-benzox)](CF3S03) 
Page 55 
3.7. fac-[(2,2'·bipyridine)Re(CO)3(4-(3',5'· 
dimethoxybenzyloxy)pyridine)] CF3S03 (11) 
This is a multi-step synthesis. The procedure is shown schematically in 
Figure 23. One equivalent of (bpy)Re(CO)J(CF3S03) (0.5g, 0.8 mmole) 
was heated in 40 mL of freshly distilled acetone until dissolved. One 
equivalent of 4-(3',5'-dimethoxybenzyloxy)pyridine (py-DMB) was added 
(0.2g, 0.8 mmole) and the mixture heated until all solids dissolved. The 
mixture was gently heated for 8 hours. The reaction was followed by TLC 
until the [(bpy)Re(COh(py-DMB)] CF3S03 spot was prominent. After 8 
hours, the reaction mixture was cooled to room temperature and its 
solvent volume reduced to a minimum under reduced pressure. The crude 
product was purified by liquid column chromatography using alumina 
adsorbent and 3:7 toluene:acetone mobile phase. The first yellow band 
was collected and its solvent volume was reduced under reduced 
pressure. After precipitation from hexanes, a pure yellow solid product 
was obtained in 30% yield. TLC (alumina/3:7 toluene:acetone); Rf = 0 
«bpy)Re(CO)J(CF3S03», Rf = 0 (py-DMB), Rf = 0.6 ([(bpy)Re(COh(py­
DMB)]CF3S03). 1H NMR (DMSO-de, Figure 21) 63.73 (d, J = 2 Hz, 6 H), 
5.38 (s, 2 H), 6.68 (d, J = 2 Hz, 2 H), 7.70 (d, J = 7 Hz, 2 H). 7.75 (t, J = 6 
Hz, 2 H). 8.33 (t, J = 7 Hz, 2 H), 8.78 (d, J = 8 Hz, 2 H), 8.99 (d, J = 7 Hz, 
2 H), 9.03 (d, J = 5 Hz, 2 H). IR (CH2CI2, Figure 22) 3054 cm-1 (Aryl C-H). 
2362,2308 cm-1 (Aryl C=N), 2024 cm-1 (CO), 1924, 1901 cm-1 (CO). 
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3.7.1. 3,5-dimethoxybenzylbromide (9, DMBBr) 
This compound was prepared by dissolving 3.4g (20.2 mmole, 1 
equivalent) of 3,5-dimethoxybenzylalcohol in about 20 mL of dry THF. 
To this 6.6g (25.2 mmole, 1.3 equivalents) of triphenylphosphine and 
8.4g (25.3 mmole, 1.2 equivalents) of carbon tetra bromide was slowly 
added. The mixture was allowed to stir under N2, at room temperature 
for 4 hours. The reaction was exothermic and produced a white 
precipitate. At the end of 4 hours, the mixture is filtered, 30 mL of H20 
is added, and extracted with MeCI2 (3 x 50 mL). The extracted 
organic layers were collected and extracted once more with saturated 
NaCI solution. The organic layer was dried over Na2S03, filtered to 
remove Na2S03, and its solvent removed under reduced pressure. 
Product purification was accomplished by column chromatography 
using silica gel adsorbent (200 - 400 mesh, 60A) and toluene mobile 
phase. The yellow band was collected and the solvent removed 
under reduced pressure. The collected pure product was dried under 
vacuum to give a white/silver solid in 53% yield. TLC (Silica 
gel/toluene): Rf = 0 (3,5-dimethoxybenzylalcohol), Rf = 1 (tri­
phenylphosphine), Rf = 1 (carbontetrabromide), Rf = 0.8 (DMBBr). 
· --. .. -.------~----
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3.7.2. 4-(3,5'-dimethoxybenzyloxy)pyridine (10, py-DMB) 
One equivalent (0.3g, 3.3 mmole) of 4-hydroxypyridine (py-OH) was 
dissolved in a minimal volume of absolute ethanol. To this solution was 
added 20 mL of dry THF and 0.5g of potassium t-butoxide (1.4 
equivalents, 4.4 mmole). The mixture was refluxed under N2 for 1 hour 
then cooled to room temperature. To this solution was added 1.5g of 
DMBBr (6.6 mmole, 2 equivalents) and the solution was refluxed for 4 
hours. The reaction was then cooled to room temperature and 50 mL 
of H20 added. This mixture was extracted with MeCI2 (3 x 50 mL), 
washed with 100 mL 0.1 N NaOH, dried over MgS04 , filtered and the 
volume of the organic phase removed under reduced pressure. 
Product was purified by gradient liquid column chromatography using 
silica gel (200 - 400 mesh, 60A) and an initial solvent of 100% MeCI2 
and gradually decreasing to 9:1 MeCI2: methanol. The yield was 53%. 
TLC (Silica ge1l9:1 MeC12: MeOH): Rf = 0.0 (py-OH), Rf = 0.0 (DMBBr), 
Rf = 0.4 (py-DMB). 1H NMR (DMSO-d6, Figure 20) li 3.74 (d, J =2, 6 
H), 5.38 (s, 2 H), 5.54 (s, 2 H), 6.68 (d, J =2.5, 1 H), 7.69 (d, J =8,2 H), 
8.99 (d, J =8, 2 H). 
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Figure 20 - 1H NMR spectrum of 4-(3,5'-dimethoxybenzyloxy)pyridine 
(py-DMB) in dimethyl sulfoxide - de­
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Figure 21 - 1H NMR spectrum of [(bpy)Re(COh(py-DMB)](CF3S03) in 
dimethyl sulfoxide - de­
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Figure 22 - IR spectrum of [(bpy)Re(COh(py-DMB)](CF3S03) in 
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Figure 23 - Synthetic scheme for [(bpy)Re(CO}J(py-DMB)](CF3S03) 
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Chapter IV 

Experimental Results 

NMR and Infrared Spectra 
Except for [(bpy)Re(CO)a(py-Benzox)t and [(bpy)Re(CO)a{py-DMB)t, 1H NMR spectra 
were obtained using deuterated acetonitrile-d3. The [(bpy)Re(CO)3(py-Benzox)t and 
[{bpy)Re(CO)a(py-DMB)t were obtained using deuterated dimethyl sulfoxide-d6. 
Infrared (IR) spectra were obtained on dilute liquid samples. Methylene chloride was 
used as the solvent. The significant IR spectral range is from 3500 cm-1 to 1700 cm-1 
where aryl C-H, aryl C=N, carbonyl (CO), and cyano (CN) absorptions are observed. 
Both the 1H NMR and IR spectra support the proposed structures shown in Figures 15. 
19, and 23. 1H NMR and IR spectra are found throughout the Experimental and 
Appendix A sections. 
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Electronic Absorption 
Electronic absorption spectra of polypyridyl tricarbonyl Re(l) complexes typically can 
show three major types of transitions. An intense, high energy, intraligand (/l) Tt -+ Tt· 
transition, a low energy, less intense, dlt -+ Tt· metal-to-ligand charge transfer (MlCT) 
transition, and an intermediate energy metal centered (MC) d -+ d transition with low 
intensity. 4-7,15 Intraligand transitions are ligand centered and are not generally very 
sensitive to changes in solvent or temperature.15 In most spectra the MC transition is 
obscured by overlap of the Il and MlCT transitions.6, 15-17 For these reasons the study 
of polypyridyl transition metal complexes has overwhelmingly focused on the MlCT 
transition. 
The complexes in this study showed characteristic features of polypyridyl tricarbonyl 
Re(l) MlCT electronic absorption spectra; broad, moderately intense absorption band 
with maximum absorbance in the 300 nm to 400 nm range (Figures 24 - 26).4,5.6 The 
relative order of the maximum MlCT energies in methylene chloride (py-CN> py-H > 
Py-CH3> Py-OCH3 > py-Benzox, py-DMB) and acetonitrile (py-CN> py-H > py-CH3 , 
Py-OCH3 > py-DMB > py-Benzox) are roughly the same (Table 3). Differences in the 
order between the two solvents are most likely due to instrumental limitations and 
specific solvent interactions. 
The electronic absorption spectra for a/l the compounds studied show solvatochromatic 
effects. The absorbance spectrum for each compound showed a blue shift (decrease) in 
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wavelength when the solvent was changed from the relatively non-polar methylene 
chloride to the polar acetonitrile (Table 3). Solvatochromatic behavior of the MLCT band 
is typical and was also observed in polypyridyl tricarbonyl Re(l) complexes of the type 
(LL)Re(COhCI (LL =2,2'-bipyridine and 1,10-phenanthroline).8 
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Figure 24 .. Electronic absorption spectra for [(bpy)Re(COh(py-H)t and [(bpy)Re(COh(py-CH3)t in acetonitrile and 
methylene chloride. Concentration of [(bpy)Re(CO)s(py-H)r is 22 ~M (acetonitrile) and 5.4 ~M (methylene 
chloride). Concentration of [(bpy)Re(COh(py-CH3)t is 6.6 ~M (acetonitrile) and 11~M (methylene chloride). 
Molar absorptivities are normalized relative to the absorptivity of the MLCT. 
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Figure 26 - Electronic absorption spectra for [(bpy)Re(COh(py-Benzox)tand [{bpy)Re{COh(py-DMB)t in acetonitrile and 
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Table 3 - Electronic Absorption Data 
Compound 
Methylene Chloride Acetonitrile 
A..ax 
(nm) 
Energy& 
(eV) 
Molar 
Absorptivity 
(x10-3 M-i cm-i ) 
"'Max (nm) 
Energy& 
(eV) 
Molar 
Absorptivity 
(x10-3 M-i cm-i ) 
[(bpy)Re(COb(py-CN)t 340 3.65 8.8 336 3.69 8.9 
[(bpy)Re(COb(py-H)t 358 3.46 6.9 344 3.60 4.0 
[(bpy)Re(COb(py-CH3)t 364 3.41 2.9 348 3.56 3.8 
[(bpy)Re(COb(py-OCH3)t 368 3.37 4.0 348 3.56 3.4 
[(bpy)Re(COh(py-DMB)t 390 3.18 10.6 374 3.32 6.6 
[(bpy) Re(COh(py-Benzox)t 390 3.18 0.5 384 3.23 0.4 
a.) This is the energy of the metal-to-ligand charge transfer (MLCT) as calculated using equation 5 (see 
Discussion section). 
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Luminescence 
Luminescence spectra of the complexes studied showed very broad emission 
bands without any fine structure (Figures 27 - 29). This is normally observed in 
7room temperature luminescence spectra of Re(l) polypyridyl complexes.4•
Solvatochromic behavior, as seen in the electronic absorbance spectra, was also 
observed in these spectra. The emission spectrum for each compound, in 
contrast to the electronic absorption spectra, showed a red shift (increase) in 
wavelength when the solvent was changed from the relatively non-polar 
methylene chloride to the polar acetonitrile (Table 4). The relative order of 
emission energy is the same in methylene chloride and acetonitrile (py-CN> py­
H> Py-CH3> Py-OCH3 > py-Benzox > py-DMB). 
The radiative quantum e'fficiencies, or yields, (<I>r) were calculated using Equation 
1.6•80 The decrease in quantum efficiency with increase in solvent polarity (Table 
8 94) is consistent with reports of other Re(l) polypyridyl complexes.7• •
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Equation 1 
.r'h -.r'h ( 	 ARUthenium) (11 SOlvent)2 ( P sample J
'V( - 'VRuthenium 
A Sample 11 Water PRuthenium 
= Quantum yields of the sample and<l>r. <l>Ruthenium [Ru(bpy)a](PFs)2 standard respectively. 
Asample. ARuthenium = 	 Absorbance of the sample and [Ru(bpy)a](PFs)2 standard respectively_ 
Refractive index of water (1.3441 ).l1water 	 = 
= Refractive index of the solvent used in the11Solvent 
sample measurement. 
Psample ,PRuthenium = 	 Integrated area under the corrected emission 
spectrum for the sample and [Ru(bpy)a](PFs)2 
standard respectively. 
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Figure 27 - Luminescence spectra of [(bpy)Re(COh(py-H)t and [(bpy)Re(COh(py-CH3)t in acetonitrile and methylene 
chloride. Concentration of[(bpy)Re(COh(py-H)t is 7.1 J.lM (acetonitrile) and 15 J.lM (methylene chloride). 
Concentration of [(bpy)Re(COh(py-CH3)t is 6.6 J.lM (acetonitrile) and 7.4 J.lM (methylene chloride). Peak intensity 
is normalized about the emission maximum. 
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Table 4 - luminescent Characterization Of [(bpy)Re(CO)a(py·y)t 
~~~~ ~~-~~ 
Compound 
[(bpy)Re(CO)s(py-H)t 
[(bpy)Re(CO )s(py-CN)t 
[(bpy)Re(CO )s(py-CH3)t 
5[(bpy)Re(CO h(Py-OCH3)t 
[(bpy)Re(CO)s(py-Benzox)t 
[(bpy)Re(COh(py-DMB)t 
"'Max 

(nm) 

540 

550 

567 

574 

617 

618 

Methylene Chloride 
Energy 
(eV)a 
2.30 
2.25 
2.19 
2.16 
2.01 
2.01 
Quantum 

Yield 

(<<l>r)b 
0.60 
0.69 
0.43 
0.28 
0.05 
0.02 
a.) Calculated using Equation 5 in the Discussion section. 
b.) Calculated using Equation 1 in the Results section. 
"'Max 
(nm) 
559 

572 

584 

595 

627 

630 

Acetonitrile 
Energy 
(eV) a 
2.22 
2.17 
2.12 
2.08 
1.98 
1.97 
Quantum 

Yield 

(<<l>r) b 
0.17 
0.51 
0.11 
0.06 
0.02 
0.005 
I 
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Excited State Decay 
The time-voltage data collected from flash photolysis was fitted to a three 
parameter exponential decay model (Equation 2a). From the plotting parameters, 
the lifetime (,;) was calculated using Equation 2b. Shown in Figures 30 - 35 are 
the measured time-voltage data, best fit decay curves as determined by Sigma 
Plot® 2001 Graphic Software using Equation 2a, and the residual plots of the 
fitted data. The parameters used to fit the data are shown in Tables 5 and 6. 
Usually, excited state decay is theoretically described by a two parameter 
exponential decay without the offset (Yo) shown in Equation 2a. However, the 
data is best fitted to the model described by Equation 2a as shown by R2adj 
(Tables 5 and 6).10 Equation 2a is further validated by the residual plots shown in 
Figures 30 - 35. Although the residuals are larger at the beginning of the data 
cycle, these residuals are small compared to the measured voltage, and are 
randomly distributed. The source of this offset is likely to be background 
electromagnetic radiation. Nonetheless, the offset can be accounted for and it 
seems not to contribute significantly in determining the lifetime (Equation 2b, 
Table 7). 
Solvatochromic effects are evident in the lifetime (,;) values. The lifetime 
decreased when the solvent was changed from the relatively non-polar 
methylene chloride to the polar acetonitrile (Table 7). This is also a typical 
observation for Re(I) polypyridyl complxes.11 The error in ,; was determined by 
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taking the reciprocal of the error in the decay rate b (Equation 2b). The errors 
associated are small; less than 5% of t. 
Equation 2 
y(t) =	Yo +ae(-bt) (Equation 2a) 
1 
t=-	 (Equation 2b) 
b 
y(t) = Luminescence decay as a function of time. 
t = Time. 
Yo. a = Fitting parameters (constants). 
b = Rate of decay. 
t = Luminescent lifetime. 
__ 
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Figure 34 - Luminescent decay of [(bpy)Re (COh(py-DMB)t in acetonitrile (6.1 J.lM) and methylene chloride (3.2 J.lM ). 
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Table 5 - Excited State Decay Fitting Parameters for Equation 2a In Methylene Chloride 
Fitting Parameters 
Compound 
[(bpy)Re(COh(py-H)t 
[(bpy)Re(COh(py-CH3)t 
[(bpy)Re(COh(py-CN)t 
[(bpy)Re(COh(py-OCH3)t 
[(bpy)Re(CO)3(py-Benzox)t 
[(bpy)Re(COh(py-OMB)t 
Yo (x10"" V) 
-1.16 (+/- 0.76) 
2.33 (+/- 0.37) 
-2.16 (+/- 0.63) 
9.47 (+/- 0.41) 
5.29 (+/- 0.15) 
3.20 (+/- 0.09) 
a (mV) 
140.50 (+/- 0.31) 
80.21 (+/- 0.14) 
137.50 (+/- 0.27) 
51.96 (+/- 0.110) 
8.33 (+/- 0.07) 
8.14 (+/- 0.07) 
.. 
b (x10-3 ns) 
1.90 (+/- 0.01) 
1.75 (+/- 0.01) 
0.98 (+/- 0.003) 
3.16 (+/- 0.01) 
11.4 (+/- 0.16) 
11.6 (+/- 0.15) 
R2 10
adJ 
0.9984 
0.9990 
0.9988 
0.9984 
0.9802 
0.9814 
------
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Table 6 - Excited State Decay Fitting Parameters for Equation 2a In Acetonitrile 
----­
Fitting Parameters 
Compound Yo (x10-4 V) a (mV) b (x10·3ns) R2 10adj 
[(bpy)Re(COh(py-H)t 
[(bpy)Re(COh(py-CH3)]+ 
[(bpy)Re(COh(py-CN)t 
[(bpy)Re(COh(py-OCH3)t 
[(bpy)Re(CO)3(py-Benzox)t 
[(bpy)Re(COh(py-DMB)t 
6.03 (+/- 0.36) 
13.08 (+/- 0.23) 
-1.11 (*/- 0.27) 
7.28 (+/- 0.24) 
3.43 (+/- 0.08) 
4.29 (+/- 0.10) 
60.26 (+/- 0.13) 3.97 (+/- 0.01) 
52.08 (+/- 0.11) 5.40 (+/- 0.02) 
115.50 (+/- 0.16) 2.89 (+/- 0.01) 
80.60 (+/- 0.14) 7.32 (+/- 0.02) 
4.56 (+/- 0.06) 20.9 (+/- 0.4) 
4.11 (+/- 0.07) 18.9 (+/- 0.5) 
0.9986 
0.9988 
0.9995 
0.9992 
0.9603 
0.9~~~ 
I 
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Table 7 - Lifetime Calculations 
Compound 
Methylene Chloride Acetonitrile 
. 
't (ns)a Error (ns) (+1-) 't (ns)a 
Error (ns) 
(+1-) i 
[(bpy)Re(COh(py-H)t 
[(bpy)Re(COh(py-CH3)t 
[(bpy)Re(COh(py-CN)t 
[(bpy)Re(COh(py-oCH3)t 
[(bpy)Re(COh(py-Benzox)t 
[(bpy)Re(COh(py-DMB)t 
526 
573 
1020 
317 
88 
86 
4 
4 
7 
3 
3 
3 
252 
185 
346 
137 
48 
53 
I 
2 
1 
2 
1 
2 
2 
a.) Calculated from the rate of decay as shown in Equation 2b. 
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Reductive Quenching 
A number of investigators have established that Re(l) polypyridyl tricarbonyl 
complexes are reversibly quenched by aromatic amines, follow Stem-Volmer 
kinetics, and the major mechanism for quenching is electron transfer.8,11.12 
Reductive quenching of the complexes studied here was accomplished with 
N,N-dimethylaniline (DMA) as the quencher (Appendix B). Plots of relative 
intensity (loll) versus concentration of DMA (Figures 36 - 41) showed excellent 
agreement with Stern-Volmer kinetics (Equation 3a). The high linear correlation 
(Table 8) of Figures 36 - 41 imply that only one luminophore is present. 9 
There is a noticeable solvent effect on the quenching rate constant, kq (Table 8). 
Those complexes without an oxygen atom in the 4-pyridine position show a 
decrease in kq with an increase in solvent polarity. Complexes with an oxygen 
atom in this position show the opposite trend. Furthermore, the complexes 
containing 4-pyridine oxygen have significanty smaller kq's than the non-oxygen 
compounds in methylene chloride. In acetonitrile, the values are comparable. 
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Equation 3 
.k = 1+Ksv[DMA] = 1+ kq't o[DMA]
I 
(Equation 3a) 
k q =Ksv (Equation 3b) 
'to 
10 = Initial emission intensity without the presence of quencher. 
= Emission intensity after the addition of quencher. 
Ksv = Stern-Volmer constant (slope). 
[DMA] = Concentration of N,N-dimethylaniline. 
kq =Quenching rate constant. 
'to = Luminescent lifetime without the presence of quencher. 
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Figure 36 - Stern-Volmer plots of [(bpy)Re(COh(py-H)t in 
acetonitrile and methylene chloride. 
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Figure 37 - Stem-Volmer plots of [(bpy)Re(COh(py-CH3)t in acetonitrile and 
methylene chloride. 
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Figure 38 - Stem-Volmer plots of [(bpy)Re(CO)s(py-CN)t in acetonitrile and 
methylene chloride. 
Page 90 
2.2 
2.0 
1.8 
1.6 ~ 
1.4 
1.2 
1.0 
• Experimental data 
- Predicted 
Acetonitrile 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
[OMA] (mM) 
3.5 
Methylene Chloride 
3.0 
2.5 
2.0 
• Experimental Data 
, - Predicted 
• 
0.0 0.2 0.4 0.6 0.8 
[OMA] (mM) 
Figure 39 - Stern-Volmer plots of [(bpy)Re(COh(py-OCH3)t in acetonitrile and 
methylene chloride. 
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Figure 40 - Stern-Volmer plots of [{bpy)Re{CO)3{py-Benzox)t in acetonitrile and 
methylene chloride. 
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Table 8 - Stern-Volmer Analysis 
Methylene Chloride Acetonitrile 
'----­ -
y YKsv KsvR2 10 R2 10~ ~Compound adjadJ (ns-1 M-i ) (ns-1 M-1)(mM-1) (mM-1)Intercept Intercept 
, 
[(bpy)Re(CO)a(py-H)t 0.97 5.54 0.9995 10.53 0.97 1.62 0.9994 6.43 
7.43[(bpy)Re(CO)a(py-CH3)t 1.0 4.26 0.9976 1.0 0.98 0.9966 5.28 
7.79 0.97[(bpy)Re(CO)a(py-CN)t 1.1 0.9941 22.53 1.87 0.9897 1.84 
2.89 0.9922 0.14 1.0 1.46 0.9930[(bpy)Re(CO)a(py-OCH3)t 1.1 10.71 
[(bpy)Re(CO)a(py-Benzox)t 1.0 0.08 0.9969 0.94 1.0 0.12 0.9886 2.45 
[(bpy)Re(CO)a(py-DMB)t 0.93 0.9874 0.83 0.99 0.12 0.98851.1 2.29 
-_ .... _._ .......­
- - '-- ­
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Electrochemistry 
Shown in Figures 42 - 47 are the cyclic voltammograms of the polypyridyl 
tricarbonyl Re{l) complexes studied. Most of the complexes show a reversible, 
or quasi-reversible, reduction with EI values from -1.2 V to - 1.5 V (Table 9). 
This was assigned to the reduction of 2,2'-bipyridine in previous studies. 4.14 The 
one exception, [(bpy)Re{COh{py-CN)t, has an irreversible wave with a peak 
potential (EpC) of -1.08 V assigned to the reduction of 2,2'-bipyridine and another 
more negative wave that is associated with the cyano group.4. 
The oxidation of the complex is assigned to a metal centered reaction; Re{l) ~ 
Re{II).4.14. Unlike the reduction potential discussed above, the oxidation potentials 
seem to be more sensitive to the 4-pyridine substituent (Table 9). These results 
were noted in a previous study of Re{l) complexes.4.14. 
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Figure 42 - Cyclic voltammogram of [(bpy)Re(CO)s(py-H)t in acetonitrile with 
0.1 M TBAH as the supporting electrolyte; A.) cathodic cyclic 
voltammogram; B.) anodic cyclic voltammogram. 
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Figure 43 - Cyclic voltammogram of [(bpy)Re(CO)3(Py-CH3)t in acetonitrile with 
0.1 M TBAH as the supporting electrolyte; A.) cathodic cyclic 
voltammogram; B.) anodic cyclic voltammogram. 
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Figure 44 - Cyclic Yoltamagram of [(bpy)Re(CO)a(py-OCH3)r in acetonitrile with 
0.1 M lBAH as the supporting electrolyte; A.) cathodic cyclic 
Yoltammogram; B.) anodic cyclic Yoltammogram. 
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Figure 45 - Cyclic Yoltammogram of [(bpy)Re(COh(py-CN)t in acetonitrile with 
0.1 M TBAH as the supporting electrolyte; A.) cathodic cyclic 
Yoltammogram; B.) anodic cyclic Yoltammogram. 
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Figure 46 - Cyclic voltammogram of [(bpy)Re(COh(py-Benzox)t in acetonitrile 
with 0.1 M TBAH as the supporting electrolyte; A.) cathodic cyclic 
voltammogram; B.) anodic cyclic voltammogram. 
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Table 9 - Electrochemical Data 
Compound Ep 
(anodic, V vs. SCE)b E~ (cathodic, V vs. SCE) 
[(bpy)Re(COh(py-H)t 
[(bpy)Re(COh(py-CH3)t 
[(bpy)Re(COh(py-CN)t 
[(bpy)Re(CO)3(Py-OCH3)t 
[(bpy)Re(COh(py-Benzox)t 
[(bpy)Re(CO)3(py-DMB)t 
1.82 
1.82 
1.90 
1.61 
1.25 
1.29 
-1.24 
-1.24 
-1.08b 
-1.24 
-1.47 
-1.43 
All potentials were measured using ferrocene as an internal standard and reported values are versus 
SeE. 

The potential for reversible scans are reported as E; = (Epa + EpC)/2. Where Epa and Epc are the anodic 

and cathodic peak potentials. 

Irreversible scans are reported as the peak potential. Ep. 
b = irreversible. 
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Chapter V - Discussion 
Introduction 
d6Carbonyl polypyridyl complexes of Re{l) are low spin complexes whose 
photophysical and photochemical properties are primarily the result of a metal-to­
ligand charge transfer (MLCT) transition. Photo excitation promotes an electron 
from a low energy. predominately metal centered, t2g molecular orbital to an anti­
bonding, predominately ligand centered, f 1u molecular orbital. Time-resolved 
electronic absorption and time resolved resonance Raman spectroscopy have 
confirmed the formation of a polypyridyl radical in the excited state that results 
from electron redistribution. 19 During MLCT the metal is oxidized and a ligand is 
reduced. For polypyridyl tricarbonyl Re(l) complexes. an electron is promoted 
from the Re(l) metal to the 2,2'-bipyridine (bpy) ligand (Equation 4).18 For the 
purpose of evaluating 2,2'-bipyridylpyridinetricarbonylrhenium (I) triflate complex 
([(bpy)(CO)JRe(py)](CF3S03). py = pyridine) as a Luminescent Probe for the 
study of macromolecules in solution, this discussion will focus principally on the 
MLCT state. 
Equation 4 
L(CO)3 ReI(bpy) hu )L(COhReII(bpy.r 

L= pyridine or substituted pyridine 
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Molecular Structure 
Assignment of protons to the 1H NMR chemical shift can be qualitatively done by 
comparing the spectrum of the complex to the appropriate ligand spectra.74-75 
Differences in chemical shifts between the complex and ligand spectra are due 
mainly to steric interaction imposed on the ligands by geometric constraints of 
complex formation, which can remove equivalency, differences in solvation 
between the free ligand and the complex, and inductive effects introduced 
through complex formation.76 Appendix A shows the chemical shift assignments 
determined by comparing the complex spectra with the spectra of the free 
ligands. 
1Terminal carbonyl (CO) infrared (IR) absorption occurs in the 2100 cm- - 1700 
cm-1 region and is useful for distinguishing between the facial (fae) and the 
meridonal (mer) complex isomers.77,78 In the facial isomer, the three CO's are 
related by a threefold axis that gives it a C3v site symmetry. Group theory predicts 
that there is a singly degenerate A1 IR active vibration and a doubly degenerate 
E IR active vibration.78,79 The meridonal geometry relates the three CO's by a 
twofold axis, giving it a C2v site symmetry. Group theory predicts three singly 
degenerate IR vibrations (2A1 + 81).78,79 All of the Re(l) complexes studied here 
1show two absorptions in the 2000 cm- - 1900 cm-1 region (Figures 4, 7, 10, 14, 
18, and 22) In some cases, the lower energy band is split. This is the doubly 
degenerate E vibration whose degeneracy is perturbed by other intramolecular 
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vibrations. Splitting of the lower energy band was observed in similar polypyridyl 
tricarbonyl Re(l) complexes.3 
All of the Re(l) complex spectra show absorption in the 2400 cm-1 - 2000 cm-1 
region. This is assigned to an aryl C=N vibration that is normally observed, in the 
free ligand, at lower frequencies (1600 cm-1 - 1500 cm-1). Coordination of the aryl 
nitrogen to the Re(l) seems to shift the vibration to a higher frequency. 
Unfortunately, the characteristic cyano (CN) absorption (2300 cm-1 - 2200 cm-1, 
Figure 13) is obscured in this region.75,76 This presents a problem in verifying the 
bonding of 4-cyanopyridine (py-CN) in [(bpy)Re(CO)J(py-CN)t. The synthetic 
scheme for [(bpy)Re(CO)J(py-CN)t (Figure 14) opens the possibility that 
coordination to the metal is through the CN nitrogen; thus forming an isonitrile 
linkage ([(bpy)Re(CO)J(NC-py)t. This does not seem to be the case for two 
reasons. First, the IR spectrum of [(bpy)Re(CO)J(py-CN)t in the 2370 cm-1 ­
2300 cm-1 region (Figure 14) shows a larger relative absorption compared to the 
other Re(l) complexes (Figures 4, 7, 10, 18, and 22). This suggests that there is 
an additional absorption contribution in this region. Secondly, isonitrile IR 
absorption is expected to be in the 2280 cm-1 - 2000 cm-1• 75 No absorption is 
observed in this region (Figure 14). The IR results show, conclusively, that the 
Re(l) complexes are facial isomers. 
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Electronic Absorption 
The magnitude of the MLCT transition energy can be calculated directly from the 
electronic spectrum (Equation 5). Calculated energies for the complexes 
investigated are shown in Table 10. The relative order of MLCT energy in 
methylene chloride is: py-DMB. py-Benzox < Py-OCH3 < Py-CH3 < py-H < py-CN. 
In acetonitrile the order is: py-DMB < py-Benzox < Py-OCH3, Py-CH3 < py-H < py­
CN. Crystal field theory cannot account for the relative order of the energies. 
Crystal field theory states that in an octahedral field the ligands, acting as point 
charges, remove the degeneracy of the d orbitals. This results in a metal 
centered d-d* transition between the t2g and eg molecular orbitals.19 The energy 
of a d-d* transition depends mainly on the electrostatic interaction between the 
metal and ligands, and is qualitatively described by the spectrochemical series. 
In this series of complexes. there is no Significant change in the electrostatic 
interaction between the metal and ligands. In addition, the observed transition is 
a MLCT transition involving a metal centered and a ligand centered molecular 
orbitals. The transition energy in these complexes is governed by the ability of 
the substituent in the 4-pyridine position to enhance or degrade the donation of 
electron density onto the metal center. 
In a low spin d6 octahedral metal the t2g atomic orbital is filled. Ligand 1t orbitals 
that also have t2g symmetry can mix with the metal t2g orbital to produce bonding 
(t2g ) and antibonding (t2g*) molecular orbitals. 19,20 Ligand field theory states that 
the transition energy is influenced by ligand 1t interaction. Ligands that donate 
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electron density through 1t bonds, 1t donors, raise the energy of the highest 
occupied molecular orbital (HOMO) to the (29 molecular orbital (Figure 48A). 
Ligands that withdraw electron density through 1t bonds, 1t acceptors, lower the 
energy of the HOMO to the t2g molecular orbital (Figure 486). In this series of 
polypyridyl Re(l) complexes, the lowest unoccupied molecular orbital (LUMO) is 
the (1u, which is located on the bipyridine ligand and not involved in t2g mixing; 
the energy of the LUMO remains nearly constant throughout this series of Re(l) 
complexes. The MLCT transition energy represents the energy difference 
between the HOMO and LUMO energy levels. Since the Re(l) complexes in this 
series differ only in the substituent of the pyridine ligand, the MLCT transition 
energy is governed by the extent that the substituted pyridine ligand can interact 
with the metal t2g orbital. 
Pyridine is a weakly 1t donating ligand and does not interact strongly with the 
metal t2g orbital. Although weakly interacting, the pyridine 1t and 1t* orbitals can 
act as conduits for the flow of electrons between the ligand and metal. The 
amount of electron density experienced by the metal is regulated by the 
substituent in the 4-pyridine position. Those substituents that are 1t donors 
increase electron density on the metal through an inductive pathway and raise 
the energy of the HOMO. Complexes with 1t donor substituents will have smaller 
transition energies than 1t acceptor substituents, which lower the energy of the 
HOMO by decreasing electron density on the metal. The inductive influence of 
the substituent explains the relative energy order. The py-CN complex has the 
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largest MLCT transition energy because the cyano (CN) substituent has empty 1t 
orbitals and can act as a Tt acceptor. The py-H complex has no substituent with Tt 
orbitals that can act either as a Tt donor or acceptor. In the Py-CH3 complex, the 
CHs substituent orbitals are sps hybridized and are sigma bonded. Although the 
hybridization provides for more Tt donor type interaction than that found in the py­
H complex, the angle of the sigma bond to the aromatic ring is not ideal for 
optimalTt electron donation. Substituents DMB, Benzox, and OCHs can readily 
donate Tt electron density through the oxygen lone pairs. In py-OCH3, Tt donation 
originates from the oxygen with perhaps a small contribution from the sps 
hybridized carbon. This lowers the transition energy relative to Py-CH3. Donation 
of Tt electron density in py-DMB and py-Benzox is enhanced by the aromatic 
rings very near the ethereal oxygen and are expected to have lower transition 
energies than py-OCH3. In methylene chloride py-DMB and py-Benzox, and in 
acetonitrile py-CHs and py-OCHs have the same energy. The cause of this is 
uncertain, but may reflect the difference in the abilities of the solvents to interact 
with the complex in stabilization of the ground or excited states. 
The ability of a substituent to affect the MLCT transition energy is dramatically 
demonstrated by 2,2' -bipyridyl-4-N. N-dimethyaminopyrid inetricarbonylrhenium (I) 
([(bpy)Re(CO)s(DMAP)], bpy =2,2'-bipyridine, DMAP =4-N,N­
dimethylaminopyridine) complex (Figure 49). The electronic absorption spectra 
show that the unprotonated complex has a AMax of 368 nm (3.4 eV) while the 
protonated complex has a AMax of338 nm (3.7 eV). In the unprotonated complex 
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the nitrogen donates electron density and lowers the MLCT transition energy. 
When protonated, the nitrogen lone pair is unavailable and the MLCT transition 
energy is raised (Figures 50A). Analogous results are seen in the emission 
spectra (Figure 508). 
The magnitude of the MLCT energy is also influenced by solvent interactions. 
This is evident from the solvatochromatic shifts in the electronic absorption 
spectra shown in Figures 24 - 26. This is a general type of solvent interaction and 
involves electrostatic forces that are either dipole-dipole or dipole-induced dipole. 
21 The wavelength shifts are caused by changes in the molecular dipole moment 
upon excitation. If excitation increases the molecular dipole moment, relative to 
the ground or equilibrium state, then a more polar, or polarizable, solvent 
destabilizes (raises the energy) of the excited state.21 This results in an increase 
in transition energy which is experimentally observed as a decrease in 
wavelength (blue shift). Table 10 shows the energy difference of the MLCT due 
to solvatochromism. The magnitude of the solvatochromatic energies is an 
indication of extent of the change in the molecular dipole, and not an indication of 
21ligand-metal interaction.7• 
Equation 5 
E(eV) =(~J( 1 eV J= 1239.98 
AMax 1.602 x 10-19 AMax 
E{eV) = Maximum transition energy of the MLCT, in eV. 

c = Speed of light, 2.9979 x 1017 nmls. 
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h = Planck's constant. 6.62607 x 10-34 J·s 
AMax = Wavelength of maximum absorbance or emission. in nm. 
Page 110 
A.) Electron Donating 1t Ligands B.) Electron Withdrawing 1t Ligands 
.
. tZgt1u 
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Figure 48 - Qualitative MO diagram showing mixing of ligand 1t orbital with the nonbonding t29 metal orbital. Electron 
donation raises the energy of the HOMO and decreases the MLCT transition energy (Figure 48A). 
Electron withdrawal lowers the energy of the HOMO increases the energy of the MLCT transition (Figure 
48B). The f 29 molecular orbital (LUMO) is not affected because it does not mix with the ligand 1t orbital. 
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co 
H++ 
co 
Q Q
N+N 
CH3...... ··'CH3 CH ...... I'CH3 H 3 
Figure 49 - Reaction scheme for the acidification of [(2.2'-bipyridine)Re(COh(4-N.N­
dimethylaminopyridine)] 
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Figure 50 - Electron absorption (A) and luminescence spectra (B) of [(2,2'-bipyridine)Re(COh(4-N,N-dimethylaminopyridine)] 
showing the affect of IT ligand donation and withdrawal on the MLCT transition energy. All spectra are in 
acetonitrile and CF3S03H was used for acidification. 
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Table 10 - Electronic Absorbance: Energy Of The MLCT Transition And 
Energy Difference Due To Solvatochromism 
Compound 
Energy (eV)8 
Methylene 
Chloride 
Acetonitrile 
Solvatochromatic 
Shiftb 
[(bpy)Re(COh(py-H)t 
[(bpy)Re(COh(py-CH3)t 
[(bpy)Re(COl!(py-CN)t 
[(bpy)Re(COl!(py-OCH3)t 
[(bpy)Re(COl!(py-Benzox)t 
[(bpy)Re(COh(py-DMB)t 
3.46 
3.41 
3.65 
3.37 
3.18 
3.18 
3.60 
3.56 
3.69 
3.56 
3.23 
3.32 
0.14 
0.16 
0.04 
0.19 
0.05 
0.14 
a.) Calculated according to Equation 5 

b.) Energy difference of the MLCT transition between the two solvents. 
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Luminescence 
The steady state emission spectra of the Re(l) complexes (Figures 27 - 29, Table 
11) exhibit solvatochromism as was seen in the electronic absorption spectra 
(Figures 24 - 26). However, in contrast to absorption, the polar solvent causes 
the emission wavelength to increase or red shift (Tables 3 and 4). This 
difference in solvatochromism is due, principally, to the relative time scales of the 
two phenomena (Figure 51). Excitation from the ground state, or Frank-Condon 
ground state, causes charge redistributions, and geometric changes within the 
complex. The excited state, the Frank-Condon excited state, is stabilized by 
electrostatic interaction between the solvent and complex. During the time of 
absorption, about 10-15 sec., complex geometry and solvent orientation remain 
fixed (Figure 51). In absorption, the polar solvent destabilizes the excited state 
for reason discussed above (see Electronic Absorption in the Discussion 
section). In luminescence, there is sufficient time for solvent reorientation and 
geometric reorganization to occur. The process of solvent reorganization is called 
solvent cage formation, or solvent relaxation, and only involves solvent 
molecules juxtapose to the complex. Cage formation stabilizes the excited state 
to what is referred to as the equilibrium, relaxed, or, as one author states it, 
"thermally equilibrated excited' (thexi) state.73 The energy of the thexi state is 
influenced by the polarity of the solvent. If the molecular dipole moment 
increases during excitation, as is the case here, the energy of the thexi state 
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decreases as the polarity of the solvent increases.21 This is the underlying basis 
of solvatochromism in luminescence. Emission from the thexi state occurs on the 
same time scale as absorption and returns the complex to a state that is higher in 
energy than the thermally equilibrated Frank-Condon ground state (Figure 51). 
The non-equilibrated ground state is also better stabilized by a polar solvent. 
However, stabilization of the ground state is less pronounced than for the excited 
state. Relaxation to the Frank-Condon ground state occurs through nonradiative 
processes. 21 Stabilizing (lowering) the energy of the Frank-Condon excited state 
through formation of the thexi state accounts for the increase in wavelength 
(decrease in energy) observed in solvatochromism of luminescence. compared 
to absorbance. 
Compared to electronic absorption, the magnitude of the luminescence 
solvatochromatic shift is smaller and the extent of the shift is nearly the same for 
all the Re(l) complexes (Tables 10 - 11). This suggest that the lifetimes of the 
Re{l) complexes is sufficiently long that efficient stabilization of the thexi state is 
accomplished in both methylene chloride and acetonitrile. Solvents with much 
different polarities would most likely show larger magnitudes and greater 
variability. 
Except for the py-CN and py-H complexes, the order of relative emission 
energies is similar to the order of electronic absorption energies (Tables 3 and 4). 
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The electronic absorbance spectra of py-CN (Figure 25) suggest that there is a 
significant amount of MLCT and TT-TT- orbital mixing. This degree of mixing may 
facilitate charge redistribution and geometric changes that occur during 
excitation. The long lifetime for py-CN complex may also aid in stabilizing the 
energy of its thexi state (Table 7). In electronic absorption the energy of the 
HOMO was changed relative to a fixed LUMO energy. With the change in 
molecular geometry, it cannot be assumed that this is true during the emission 
process. The acidification of [(bpy)Re(CO)3(DMAP)t (bpy = 2,2'-bipyridine, 
DMAP =4-N,N-dimethylaminopyridine)] clearly demonstrates that substituents in 
the 4-pyridine position influence the emission energy (Figure 508). The role of 
ligand TT bonding in emission not only affects energy levels, but also adds rigidity 
to the complex that restricts geometrical changes. This ultimately affects the 
energy of the thexi state and may be the reason that py-H and py-CN energy 
order is reversed. The empty TT- orbitals of the py-CN complex may decease the 
bond order through backbonding and facilitate geometrical changes. 
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Figure 51 -Illustration of molecular energy and geometric changes during absorbance and emission. Legend: "->" 
represents the molecular dipole moment, ">" are solvent dipole moments, squares and 0 are molecular 
geometries, and small 0 are solvent molecules. See Discussion section for further explanation. Adapted from 
reference 21. 
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Table 11 - Solvatochromism Luminescence: Emission Energy And Energy 

Difference Due To Solvatochromism 

Compound 
Energy (eV)8 
Methylene 
Chloride Acetonitrile 
Solvatochromatic 
Shift (AE)b 
[(bpy)Re(CO)3(py-H)t 
[(bpy)Re(CO)3(py-CH3)t 
[(bpy)Re(CO)3(py-CN)t 
[(bpy)Re(CO)3(py-OCH3)t 
[(bpy)Re(CO )3(py ..Benzox)t 
[(bpy)Re(CO)3(py-DMB)t 
2.30 
2.19 
2.25 
2.16 
2.01 
2.01 
2.22 
2.12 
2.17 
2.08 
1.98 
1.97 
-0.08 
-0.06 
-0.09 
-0.08 
-0.03 
-0.04 
a.) Calculated according to Equation 5. 

b.) Emission Energy difference between the two solvents. 
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Excited State Decay 
Relaxation from the thexi state occurs by both radiative and non-radiative 
processes. The observed rate of excited state decay (koo8) is related to the 
radiative rate of decay (kr) and the non-radiative rate of decay (knr) as shown in 
Equations 6 and 7. Manipulating these equations gives expressions for kr and knr 
which depend only on the measurable quantities t and (f) (Equations 8-9). Table 
12 contains the calculated knr values for the compounds in this study. 
Einstein's formula for spontaneous emission predicts that the radiative rate of 
decay varies as the third power of the excitation energy; kr oc E3em. 7,21 However, 
this works best for line emissions with similar absorption and emission energies. 
Mixed excited state energies in heavy metal complexes typically yield broad 
emission bands with significant Stokes shifts. Even with modifications to account 
for band broadening, a linear dependence of kr on emission energy is usually not 
experimentally observed. 7,25 
In the absence of photochemical reaction, non-radiative relaxation from the 
excited state occurs through either energy transfer with the solvent, internal 
conversion, or intersystem crossing.9 It is believed that the principle path for non­
radiative relaxation is overlap between specific vibrational modes of the excited 
state with other internal and external isoenergetic vibrational modes that lead to 
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the ground state. The magnitude of kor is govemed by the extent of this overlap. 
Theoretical treatments of non-radiative decay have led to an expression that 
accounts for electronic coupling between states, and mixing of vibrational states 
through spin-orbit coupling.6, 22,23,24 The expression is complex, but can be 
reduced to a much simpler form for a series of related complexes. Assuming that 
within the series vibronic coupling and spin-orbit coupling do not vary 
appreciably, excited state distortion varies with the emission energy, and there is 
no large change in solvation then knr can then be expressed as a simple 
relationship (Equation 10).7,22,26 
Equation 10 is known as the Energy Gap Law and provides an empirical 
description of the dependence of kor on the emission energy. Figures 52 and 53 
show the plots of In(knr) vs Eern. Linear regression analysis yield y-intercept and 
slope (A and 8 in Equation 10) values of -13.54 eV-1 and 43.5 in methylene 
chloride respectively, and values of -8.77 eV1 and 34.03 respectively in 
acetonitrile, It is reported that for fac-[(bpy)Re(COhLt and other complexes 
containing a coordinated CO ligand, the slope ranges from -11.8 eV-1 to -15 eV 
1 and the y-intercept is larger than 31.26 The role that CO vibrations play in non­
radiative decay is under debate, but work in our laboratory suggest that the 
participation of CO vibrations is minor.23,26,27 The correlations (r 2) of 0.9717 and 
0.8911 found for methylene chloride and acetonitrile respectively, indicate that 
this series of Re(l) complexes obey the energy gap law. The value of Energy 
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Gap Law plots is that they provide an empirical analysis of the non-radiative 
decay path. Deviations may suggest unique solvent or attached ligand 
interactions. For the series of complexes studied here, the Energy Gap Law plots 
indicate that each complex decays through a similar pathway. and that 
nonradiative decay is the most efficient decay pathway. 
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1 1 
t =--=--- (Equation 6) 
kobs kr + knr 
_ kr _ kr
<1>r - -- - --- (Equation 7) 
kobs kr + knr 
kr = <1>r (Equation 8) 
t 
(Equation 9) 

In(knr) = A -BEem (Equation 10) 
't, = Excited state lifetime. 
kobs = The observed (measured) rate of decay. 
<l>r = Radiative quantum yield. 
kr = The radiative rate constants. 
knr = Non-radiative rate constants. 
A = Constant that accounts for the induced vibronic 
coupling. 
B = Constant that accounts for properties of the 
acceptor vibrations. 
Eam = The change in energy for non-radiative decay, 
approximated as the emission energy. 
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Figure 52 - Energy Gap Law plot in methylene chloride: In(knr) =A - BEem. 
Slope =-13.5 eV-1, y-intercept =43.5, correlation (,-2) =0.9717. 
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Figure 53 - Energy Gap Law plot in acetonitrile: In(knr) = A - BEem. Slope = ­
8.77 eV1, y-intercept =34.0, correlation (r2) =0.8911. 
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Table 12 - Energy Gap Law Plot Data 
Methylene Chloride Acetonitrile 
Compound knr 
Emission 
(x10-6 s)a In(knr) Ene~y (eV) 
knr Emission 
(x10-6 s)· In(knr) Energy (eV) 
[(bpy)Re(CO)3(py-H)t 
[(bpy)Re(CO)3(Py-CH3)t 
[(bpy)Re(CO)3(py-CN)t 
[(bpy)Re(CO)3(py-OCHa)t 
[(bpy)Re(CO)3(py-Benzox)]+ 
[(bpy)Re(CO)3(py-DMB)]+ 
L-. 
1.90 14.5 2.22 
1.75 14.4 2.19 
0.98 13.8 2.25 
3.15 15.0 2.16 
11.36 16.2 2.01 
11.63 16.3 2.01 
3.97 15.2 2.22 
5.41 15.5 2.12 
2.89 14.9 2.17 
7.30 15.8 2.08 
20.83 16.9 1.98 
18.87 16.8 1.97 
a - calculated using Equation 8 
b - calculated using Equation 5. 
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Electrochemistry 
The cyclic voltammograms (CV) of [(bpy)Re(COh(py-H)t shows a one electron, 
reversible reduction of the 2,2'-bipyridine ligand and an irreversible, one electron 
oxidation of Re(l) (Figure 42). Similar voltammograms are found for the 
[(bpy)Re(CO)3(py-CH3)t and [(bpy)Re(CO)3(py-OCH3)t complexes (Figures 43 
and 44). The other complexes do not exhibit the typical voltammogram seen for 
polypyridyl carbonyl Re(J) complexes. For [(bpy)Re(COh(py-CN)t two reductions 
are present, while the complexes [(bpy)Re(CO)3(py-Benzox)t and 
[(bpy)Re(CO)a{py-DMB)t show a second oxidation. These unusual features may 
result from mixing of the metal and the ligand orbitals to produce molecular 
orbitals whose electronic potentials are not found in either the parent metal 
complex or free ligand, or from ligand centered orbitals. 
Correlation of emission energy (Earn), or absorption energy (Eab) with the 
difference (6E) between the first reduction potential (most positive) and the first 
oxidation potential (least negative) is used to support the nature of an MLCT 
absorption and emissive states.23 This correlation has been extensively used for 
polypyridyl complexes of Ru(II), Os(II), and Re(I).16 The basis for this correlation 
is that the metal centered and ligand centered orbitals involved in the MLCT 
transition are also involved in the electrochemical processes of oxidation and 
Page 127 
reduction.6,16 Figures 54. 55 and Table 13 show the correlations for the Re{l) 
complexes studied in methylene chloride and acetonitrile. Theoretically. the 
slopes should be unity since the same energy difference is being measured. The 
slopes, however. are less than unity because emission and absorption energies 
contain added energy contributions from solvent reorganization, geometrical 
changes in the excited state, and. in the case of luminescence, the contribution 
of the thexi state. Electrochemical measurements are independent of these 
types of energy perturbations since the measurements are taken only on the 
ground state complex.6,23,24 It is interesting to note that the slope for 
luminescence is about half that of the absorption, which supports the theory of 
the thexi state lowering the energy of the excited state. In addition, for a given 
technique. electronic absorption or luminescence. the slope and y-intercept are 
nearly constant in both solvents. The reason for this is unclear. Nonetheless, the 
good correlation coefficients (r > 0.88, Table 13) suggest that for all the 
complexes in the series. absorption and emission occur from the same electronic 
origin.24 
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Table 13 - Correlation of Electrochemical Energy With Emission, and Absorption Energies 
Electronic Absorption Luminescence 
Compound Methylene AcetonitrileChloride 
Methylene AcetonitrileChloride 
Slope (V/eV) 
y-intercept (eV) 
Correlation Coefficient (r2) 
-
-­ .... -.~ .... -.~ .... _.­ .... _.­ .... _.­
0.4074 0.4197 
3.24 3.35 
0.927 0.960 
-­ .... _._ .... _.- .... _.­ .... _- .... -~ ....-- .... -~ ... -~ ....-­
0.2719 0.2512 
2.06 2.06 
0.888 0.981 
-~ .... -~.-- ....-­ ....-­ ....--..--..----..-­ ....-­
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Reductive Quenching 
The primarily mechanisms for bimolecular collisional quenching of the excited 
state in polypyridyl transition metal complexes are electron transfer and energy 
transfer.7•37 The quenching mechanism consists of four basic stages. The first 
stage is excitation of the metal complex by photon absorption in the presence of 
a quencher (Figure 56). An encounter complex is formed between the photo 
excited metal complex and the quencher in the second stage. This is a diffusion 
controlled step that depends on the diffusion rates of the reactants. In the third 
stage, either an electron is transferred between the metal complex and the 
quencher, resulting in a change in oxidation states, or energy is transferred 
between the complex and the quencher, without a change in oxidation 
states.7•11 .30-38 In the fourth stage, the formation of photo products may occur by 
decomposition of the encounter complex, or the quencher and complex can 
separate and return to ground state conditions, by a number of possible 
pathways (Figure 56). The quenching rate constant (kq) represents both the 
formation of the encounter complex and the transfer of energy or an electron 
within the complex. The quenching rate constant is determined from the slope 
(Ksv) of the Stern-Volmer plot, (Equation 3b, Table 8). Distinguishing between 
electron or energy transfer in the overall quenching mechanism is accomplished 
by quenching a series of related compounds with a single quencher.7•38 
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Exchange of excited state energy in an energy transfer mechanism occurs 
through the overlap of complex and quencher orbitals. It is then expected that for 
a series of related compounds with similar absorption and emission spectra, that 
the quenching constants will also be similar. The ranges of absorption and 
emission energies for the complexes investigated are about 1 eV, but a wide 
range of kq values are found in both solvents (Tables 3,4 and 8). These results 
suggest that energy transfer is not the mechanism for excited state quenching. 
Many Re(l) carbonyl polypyridyl complexes readily undergo reductive and 
8 11oxidative quenching by a number of compounds.7• • In reductive quenching, the 
quencher functions as the reducing agent and reduces the excited metal complex 
(Equation 4). Compounds of the type (LL)Re(CO)JCI (LL = derivatives of 2,2'­
bipyridine or 1,1O-phenanthroline) are reductively quenched by aromatic amines 
through an electron transfer mechanism.8,11 Transient, or difference, absorption 
studies confirm that N,N-dimethyaniline (OMA) reversibly and reductively 
quenches (bpy)Re(CO)3CI (bpy =2,2'-bipyridine) without decomposition of the 
complex.8 
For an electron transfer mechanism the first-order quenching rate constant (kq) is 
described by classical transition-state and Marcus theories as shown in Equation 
11. 28-34 
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-(A+L\G t]kq = 1( eOnexp T (Equation 11) [ 4AkB 
In Equations 11. leel is the electronic transmission coefficient (usually treated as 
-1). Vn is the frequency of passage (nuclear motion) through the transition state. 
The contribution to the activation barrier required to reorganize the outer and 
inner solvent coordination spheres is A. L\G is the free energy change that occurs 
on electron transfer quenching within the encounter complex. kB is Boltzmann 
constant. and T the absolute temperature. The value of L\G is estimated from 
spectroscopic and electrochemical data as illustrated in Equation 12a - 12c.30,33 
(Equation 12a) 
(Equation 12b) 
In Equations 12a through 12c E(Re+*/Reo) is the excited state oxidation potential 
of the complex. E(Q+/Q) is the reduction potentials of the quencher (DMA). and 
ot and roR are the correction factors for the work required to bring the reactant 
and product molecules together, respectively.30,33 The value of E(Re+*/Reo) is 
Page 134 
estimated from the ground state reduction potential and the emission energy as 
shown in Equation 12b. In Equation 12b E(Re+/Reo) is the ground state oxidation 
potential of the complex, Eoo is the emission energy as determined from Equation 
5. For our systems, CJt can be neglected because the quencher is uncharged and 
CJ)R is :s; 0.05 eV.30 Solvent reorganization energy, A, is negligible (- 1 eV) for the 
solvents used in this study and is nearly constant for a series of similar 
compounds.29,31,34 Consequently, a plot of In kq versus AG is linear (Equation 13). 
(Equation 13) 
= In(l( eOn} - _1_ - (~)AG
2keT 2keT 
The kq values determined in this study do not correlate with AG as predicted 
(Figure 57). Similar results were found for correlations of kq, or In(kq), with 
absorbance, luminescence, and molecular weight. 
The reason for the failure of In kq to correlate with AG is not known, but the major 
assumptions are that the series of complexes can be treated as a homologous 
series where A was negligible, and nearly constant for all complexes in the 
series. Solvent reorganization in the encounter complex involves not only the 
association of the complex and quencher, but also a changing dipole as the 
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electron is transferred. Consequently, solvent reorganization may be much more 
significant in electron transfer than in emission, and A. may not be negligible and 
significantly variable in these complexes. The complexes do correlate well with 
photophysical and electrochemical properties, and the energy gap law indicates 
that the non-radiative decay pathways are the same throughout the series. 
Although this data implies energetic homogeneity among the complexes, there is 
no evidence that shows that this homogeneity holds in the encounter complex. It 
is plausible then that there is a mixed quenching mechanism in the series; some 
complexes quench by electron transfer while others quench by energy transfer. 
Diffusional and steric properties also influence ~.9,12,37 Although the Re(l) 
complexes have similar structures, the poor correlation of ~ with molecular 
weight implies that there may be significant differences in the diffusional 
properties, or accessibility of the active site may play a definitive role in 
determining quenching kinetics. 
In addition to energy and electron transfer, quenching may also occur either 
statically or dynamically. In dynamic quenching, an encounter complex forms 
12between the excited metal complex and the quencher as shown in Figure 55.9•
In static quenching, a non-luminescent complex is formed between the quencher 
and the ground state metal complex.9,12 The linear correlations found for the 
Stem-Volmer plots are indicative that only one type of quenching, dynamic or 
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static, occurs in each complex, but these plots do not discriminate between the 
two types of quenching. It is possible that both types of quenching occur within 
the series. In such a case, Equation 13 is not appropriate for all the complexes in 
the series. 
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< Photo excitation ofRe(I) Complex.> 
< Fonnation of encounter complex.> 
(M+*----Q) 
~kEn <Energy/electron transfer to the quencher.> ~, k.E~ 
(M+----Q)* 
;<. < Return to ground state conditions.> 
Figure 56 - Schematic representations of the electron and energy transfer 
mechanism. In the figure M+ is the Re(I) complex. Q is the 
quenching compound. M+* is the photo excited Re(I) complex. kc:t 
and k-cJ are the rate constants for the formation of the activation or 
encounter complex (M+*--Q). kel and k..el are the rate constants for 
the transfer of an electron within the encounter complex. kEn and k. 
En are the rate constants for the transfer of energy within the 
encounter complex and kr represents all the possible pathways 
taken to return to the ground states. 
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Figure 57 - Correlation of Ln kq with AG. See Discussion - Reductive 
Quenching for discussion. 
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Chapter VI - Conclusion 
As a luminescent probe for the study of macromolecular solution dynamics, 
polypyridyl tricarbonyl Re(l) complexes offer a good alternative to the polycyclic 
aromatic and heteroaromatic organic probes that are in IJse to today. Polypyridyl 
tricarbonyl Re(l) complexes are a new class of probe with intrinsic photophysical 
and photochemical properties that overcome the major disadvantages of spectral 
interference and short lifetimes found in organic probes. The longer lifetimes and 
good quantum yields of polypyridyl tricarbonyl Re(l) complexes also extends the 
utility of luminance experimentation to more sophisticated time-resolved 
techniques without a significant loss of sensitivity. This is especially 
advantageous in biological studies where naturally occurring luminophores 
obscure probe emissions. 
The photophysical properties of the polypyridyl tricarbonyl Re(l) complex are 
centered on the MLCT transition. The MLCT transition energy is influenced by 
ligand substituents attached at the 4-pyridine position, and the solvent 
environment about the two chromophoric centers. That influence is distinctive, 
predictive, and can be qualitatively related to the extent of substituent rr-electron 
donation or withdrawal into the pyridine ring. This is a useful tool for qualitative 
analysis of substituent orientation. Electrochemical and spectroscopic 
measurements correlate well and provide an inexpensive, facile diagnostic 
method for examining homogeneity among a series of attached macromolecules. 
The information obtained from this correlation can help in distinguishing between 
electronic and spatial interactions. 
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No correlation was found between the reductive quenching rate constant kq and 
other physical properties. However, the high correlation of the Stern-Volmer 
analysis holds promise that reductive quenching for a specific complex can be 
exploited to measure other physical properties such as diffusion and shielding 
constants. These types of physical parameters are also helpful in analyzing 
molecular configuration. 
The synthetic procedures produce stable complexes in good yield without much 
difficulty. Solution stability is also very good. Repeated measurements over long 
periods were done on a single sample preparation without any measurable 
degradation. 
Luminescent studies in general have one major drawback. The measured 
changes in photophysical properties do not reveal specific molecular 
configurations or changes in configurations. Results are subject to interpretation. 
It is unrealistic to believe that a single technique will be able to provide complete 
information on the solution dynamics macromolecules. NMR, IR and the other 
techniques commonly used in these studies will still be needed to confirm or 
eliminate solution dynamic models. Luminescence plays a major role in 
developing these models. Luminescent transition metal complexes can extend 
the usefulness of the technique, and improve on the quality of that contribution. 
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Appendix A 
1H NMR Chemical Shift Assignments 
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Table Ai - Chemical Shift Assignments (6) of 1H NMR Spectrum of 2,2'­
bipyridine (bpy) in Acetonitrile-d3. 
He 
H<t H<t 
He 
lib 
6 Multiplicity J (Hz) # Protons 
1.94 Quintet Residual monoprotonated solvent. 
2.11 Adventitious water. 
2.27 Impurity 
7.39 (He) Triplet 6 2 
7.90 (Hb) Triplet 8 2 
8.44 (Ha) Doublet 8 2 
8.68 (Hd) Doublet 3 2 
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Table A2 - Chemical Shift Assignments (6) of H1 NMR Spectrum of Pyridine (py) 
in Acetonitrile-d3. 
He N HeHrVHr 
Hg 
6 Multiplicity J (Hz) Protons 
! 2.11 Adventitious water. 
1 
l 
l 3.67 Impurity. 
7.33 (Hg) Multiplet 2!
•1 
I 
~ 
17.72 (Hf) Tri2plet 8 
8.65 (He) Doublet 2 
! 
I 2 
! 
I ~ 
I, 
I 
Ij 
l 

! 

I 

! 
i 
1 
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Table A3 - Chemical Shift Assignments (6) of 1H NMR Spectrum of [(2,2'~ 
bipyridine )Re(COh(pyridine )](CF3S03) in Acetonitrile-d3. 
He 
He 
Hr Hf 
Hg 
Multiplicity J (Hz) 	 Protons 
Quintet Residual monoprotonated solvent. 1.97 
Singlet 	 Adventitious water. 2.18 
Doublet 7 	 2
7.33 (Hf) 
7.82 (Hb) Triplet 7 	 2 

7.89 (Hg) Triplet 8 	 1 

8.27 -	 8.31 (Ha) Multiplet 2 

2
8.30 (He) Doublet 8 

2
8.41 (He) Doublet 8 

2
9.25 (Hd) Doublet 	 6 

Page 145 
Table A4 - Chemical Shift Assignments (6) of 1H NMR Spectrum of 4­
methylpyridine (py-CH3) in Acetonitrile-d3. 
He N He 
HfXfHf 

CH3 
(g) 
Multiplicity J (Hz) Protons 
2.31 (Hg) Singlet 3 
7.14 (Hf) Doublet 6 2 
8.47 (He) Doublet 6 2 
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Table A5 - Chemical Shift Assignments (6) of 1H NMR Spectrum of [(2,2'­
bipyridine )Re(CO )3(4-methypyridine )]PFs in Acetonitrile-d3. 
Hg 
Multiplicity J (Hz) Protons 
Quintet Residual monoprotonated solvent. 1.97 

Singlet Impurity
2.30 

Doublet 6 2
7.15 (Hf) 
7.81 (He) Triplet 7 2 

8.08 (Hb, Hg) Multiplet 3 

2
8.29 (Ha) Triplet 8 

2
8.40 (Hd) Doublet 8 

2
9.23 (He) Doublet 6 
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Table A6 - Chemical Shift Assignments (0) of 1H NMR Spectrum of [(2,2'­
bipyridine )Re(CO )a(4-methoxypyridine )](CF3S03) in Acetonitrile-d3. 
He N HeHrVHf 

0, 
CH3 (g) 
0 Multiplicity J (Hz) Protons 
3.80 (Hg) Singlet 3 
6.87 (Hf) Doublet 7 2 
8.34 (He) Doublet 7 2 
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Table A7 - Chemical Shift Assignments (6) of 1H NMR Spectrum of [(2,2'­
bipyridine )Re(CO h(4-methoxypyridine )](CF3S03) in Acetonitrile-d3. 
He ~»~ 
H, I "" H, 
0, 
CH3 g 
Multiplicity J (Hz) Protons 
Quintet1.97 
Singlet, broad 2.31 
Singlet3.81 	(Hg) 
Doublet6.80 (Hf) 
7.81 (He) 	 Triplet 
8.03 (Hb) 	 Doublet 
8.29 (Ha) 	 Triplet 
8.40 (He) 	 Doublet 
9.23 (Hd) 	 Doublet 
Residual monoportonated solvent. 

Impurity 

3 
8 2 
6 2 
7 2 
8 2 
9 2 
5 2 
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Table A8 - Chemical Shift Assignments (6) of 1H NMR Spectrum of 4­
cyanopyridine (py-CN) in Acetonitrile-d3. 
Multiplicity J (Hz) Protons 
Quintet Residual monoprotonated solvent. 1.97 
Adventitious water. 2.30 

Doublet 6.0 2
7.65 (Hf) 
8.80 (He) Doublet 5.5 2 
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Table A9 - Chemical Shift Assignments (6) of 1H NMR Spectrum of [(2,2'­
bipyridine }Re(CO h(4-cyanopyridine }](CF3S03) in Acetonitrile-d3. 
~Xx~He 
Hr I "" Hr 
eN 
Multiplicity J (Hz) Protons 
Quintet1.98 
Singlet2.18 
Doublet7.94 (Ha) 
7.83 (Hb) Triplet 
8.31 (He) Triplet 
8.43 (Hf) Doublet 
8.48 (He) Doublet 
9.23 (Hd) Doublet 
Residual monoprotonated solvent. 

Adventitious water. 

7 2 
7 2 
8 2 
8 2 
6 2 
5 2 
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Table A10 - Chemical Shift Assignments (0) of 1H NMR Spectrum of 4­
benzyoxypyridine (py-Benzox) in Dimethyl Sulfoxide - d6. 
H-I 
Multiplicity J (Hz) Protons 

Singlet 2
5.26 (Hg) 
5.49 (Hh) Singlet 2 

7.26 (Hj) Singlet 1 

7.34 (Hi) Doublet 8 2 

7.37 (Hf) Doublet 7 4 

8.48 (He) Doublet 7 2 
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Table A11 - Chemical Shift Assignments (6) of 1H NMR Spectrum of [(2,2'­
bipyridine )Re(CO)3( (4-benzyoxylpyridine )](CF3S03) in Dimethyl 
Sulfoxide - de. 
H­:J 
Multiplicity J (Hz) Protons 
2.50 
3.39 
5.45 (Hg) 
5.65 (Hh) 
7.40 - 7.50 

(HI. HJ) 

7.72 - 7.77 

(He. HF) 

8.33 (Hb) 

8.77 (Ha) 

8.99 (He) 

9.03 (Hd) 

Quintet 

Singlet 

Singlet 

Singlet 

Multiplet 

Multiplet 

Triplet 

Doublet 

Doublet 

Doublet 

Residual mono pronated solvent. 
Adventitious water. 
2 
2 
3 
4 
8 2 
8 2 
7 2 
6 2 
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0 Hg 
Table A12 - Chemical Shift Assignments (6) of 1H NMR Spectrum of 4-(3,5'­
dimethoxybenzyloxy)pyridine (py-DMB) in Dimethyl Sulfoxide - da-
He N He HfV~ 
i [ 
I 
I 
I 
I 
Hh 
I 
! 
I 
I 0 0 
1 I I 
I CH3·J H-I CH3J . i j 
I 
! MultipliCity J (Hz) ProtonsI 
i 
I Doublet 2 63.74 (Hj) 
1 Singlet 2 
1 
I 5.38 (Hg) 
Singlet 2i 5.54 (Hh)'1 I 
i Doublet 3 16.68 (Hi)I
. 
7.69 (Hf) Doublet 8 2 
8.99 (He) Doublet 8 2 
-~ 
\ 
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Table A13 - Chemical Shift Assignments (6) of 1H NMR Spectrum of [(2,2'­
bipyridine )Re(COh( 4-(3,5' -dimethoxybenzyloxy)pyridine)] (CF3S03) 
in Dimethyl Sulfoxide - de. 
Multiplicity J (Hz) Protons 
1.97 
2.31 
3.73 (HJ ) 
5.38 (Hg) 
6.68 (Hi) 
7.70 (Hf) 
7.75 (He) 
8.33 (Hb) 
8.78 (Ha) 
8.99 (He) 
9.03 (Hd) 
Quintet 

Singlet, broad 

Singlet 

Singlet 

Doublet 

Doublet 

Triplet 

Triplet 

Doublet 

Doublet 

Doublet 

Residual monopronated solvent. 

Impurity 

6 
2 
2 2 
7 2 
6 2 
7 2 
8 2 
7 2 
5 2 
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Appendix B 

Stern-Volmer Analysis: Data and Calculations 
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The procedure for this analysis is discussed in the Experimental section. This 
section contains the raw data and equations used to construct Stern-Volmer 
plots. 
Quencher concentrations were calculated as shown in Equation B1. 
Equation 81 
[DMA]Stock = Stock concentration of N,N-dimethylaniline (DMA), in mM. 
n = Number of aliquots added. 
Concentration, in mM, of DMA after the nth addition to the 
[DMA]n = 
sample, in mM. 
Vs = Sample volume, in mL. 
VA = DMA aliquot volume, in f..lL. 
1000 = Conversion factor to converts mL to f..lL. 
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Table 81 - Stern-Volmer Data for [(bpy)Re(CO)3(py-H)t in Acetonitrile 
[DMA]stock =78.89 mM [(bpy)Re(CO)3(Py-H)r = 21.4 flM 
Aliquot =3 fll Sample Volume = 3.9 ml 
n nloll loll 
0 4.0270 
1 3.7321 
2 3.4453 
3 3.1850 
4 2.9718 
5 2.7793 
6 2.6215 
7 2.4627 
8 2.3360 
9 2.2113 
10 2.1022 
11 1.9977 
0.0000 1.0000 12 
0.0606 1.0790 13 
0.1212 1.1688 14 
0.1816 1.2644 15 
0.2420 1.3551 16 
0.3023 1.4489 17 
0.3624 1.5361 18 
0.4225 1.6352 19 
0.4825 1.7239 20 
0.5424 1.8211 21 
0.6022 1.9156 22 
0.6619 2.0158 23 
1.8985 0.6619 2.0158 
1.8198 0.7216 2.1211 
1.7467 0.7811 2.2129 
1.6691 0.8405 2.3055 
1.6027 0.8999 2.4127 
1.5460 0.9592 2.5126 
1.4782 1.0183 2.6048 
1.4298 1.0774 2.7243 
1.3880 1.1364 2.8165 
1.3328 1.1953 2.9013 
1.3015 1.2541 3.0215 
1.8985 1.3129 3.0941 
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Table B2 - Stern-Volmer Data for [(bpy)Re(COh(py-H)t In 
Methylene Chloride. 
[DMA]Stock = 78.89 mM [(bpy)Re(CO)3(Py-CH3)t =30.6 flM 
Aliquot =3 fll Sample Volume =3.8 ml 
n 
I x 10-5 
(CPS) 
[DMA]n 
(mM) loll 
0 3.1124 0.0000 1.0000 
1 2.3309 0.0622 1.3353 
2 1.8768 0.1244 1.6584 
3 1.5626 0.1864 1.9918 
4 1.3424 0.2483 2.3185 
5 1.1643 0.3102 2.6732 
6 1.0349 0.3719 3.0074 
7 0.9307 0.4336 3.3441 
8 0.8402 0.4951 3.7042 
9 0.7616 0.5566 4.0868 
10 0.7031 0.6179 4.4266 
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Table 83 - Stern-Volmer Data for [(bpy)Re(CO)a(py-CH3)t In Acetonitrile 
[DMA]stopk =78.89 mM 
Aliquot =3 JiL 
n 
0 7.3667 0.0000 
1 6.8223 0.0695 
2 6.4238 0.1390 
3 6.1607 0.2083 
4 5.7721 0.2775 
5 5.5988 0.3465 
6 5.3482 0.4155 
7 4.8931 0.4843 
8 4.7231 0.5530 
loll 
1.0000 
1.0798 
1.1468 
1.1958 
1.2763 
1.3158 
1.3774 
1.5055 
1.5597 
[(bpy)Re(CO)a(py-CH3)r = 6.3 JiM 
Sample Volume =3.4 mL 
n 
9 4.4688 0.6216 
10 4.4193 0.6900 
11 4.2639 0.7583 
12 4.0632 0.8266 
13 3.9913 0.8947 
14 3.7956 0.9626 
15 3.6956 1.0305 
16 3.4916 1.0982 
loll 
1.6485 
1.6669 
1.7277 
1.8130 
1.8457 
1.9409 
1.9934 
2.1098 
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Table B4 - Stern-Volmer Data for [(bpy)Re(CO)3(py-CH3)t In 
Methylene Chloride 
[DMA]Stock =78.89 mM [(bpy)Re(CO)3(Py-CH3)t = 6.4 flM 
Aliquot = 3 fll Sample Volume =3.2 ml 
I x 10-5 [DMA]n 
n (CPS) (mM) loll 
0 8.0659 0.0000 1.0000 
1 6.0152 0.0739 1.3409 
2 4.7839 0.1476 1.6861 
3 4.0513 0.2213 1.9909 
4 3.5521 0.2947 2.2707 
5 3.1343 0.3681 2.5734 
6 2.7121 0.4413 2.9740 
7 2.5471 0.5143 3.1667 
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Table 85 - Stern-Volmer Data for [(bpy)Re(COh(py-CN)t In 
Acetonitrile 
[DMA]Stock =78.89 mM [(bpy)Re(CO)a(py-CN)t =6.4 J.lM 
Aliquot = 3 J.lL Sample Volume =4.0 mL 
I x 10 -5 [DMA]n 
n (CPS) (mM) loll 
0 1.1630 0.0000 1.0000 
1 1.0868 0.0591 1.0701 
2 1.0028 0.1182 1.1598 
3 0.8985 0.1771 1.2943 
4 0.7864 0.2360 1.4790 
5 0.7761 0.2947 1.4986 
6 0.7108 0.3534 1.6361 
7 0.6817 0.4120 1.7060 
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Table 86 - Stern-Volmer Data for [(bpy)Re(CO)3(py·CN)t In 
Methylene Chloride 
[DMA]stock =78.89 mM [(bpy)Re(CO)a(py-CN)t = 1.9 ~M 
Aliquot = 3 ~L Sample Volume =3.4 mL 
I x 10-5 [DMA]n 
n (CPS) (mM) Iell 
0 9.2038 0.0000 1.0000 
1 5.5994 0.0695 1.6437 
2 4.1209 0.1390 2.2334 
3 3.1677 0.2083 2.9055 
4 2.7322 0.2775 3.3686 
5 2.3777 0.3465 3.8709 
6 2.1539 0.4155 4.2731 
7 1.9034 0.4843 4.8355 
8 1.7690 0.5530 5.2028 
9 1.5007 0.6216 6.1330 
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Table 87 - Stern-Volmer Data for [(bpy)Re(COh(py-OCH3)t In 
Acetonitrile 
[DMA]Stock = 78.89 mM [(bpy)Re(CO)a(py-OCHa)t = 6.4 f.1M 
Aliquot =3 III Sample Volume = 3.8 ml 
I x 10-5 [DMA]n 
n (CPS) (mM) loll 
0 1.4885 0.0000 1.0000 
1 1.3033 0.0622 1.1421 
2 1.2226 0.1244 1.2175 
3 1.1361 0.1864 1.3102 
4 1.1400 0.2483 1.3057 
5 1.0250 0.3102 1.4522 
6 0.9638 0.3719 1.5444 
7 0.9093 0.4336 1.6369 
8 0.8751 0.4951 1.7009 
9 0.8067 0.5566 1.8451 
10 0.7706 0.6179 1.9316 
11 0.7428 0.6792 2.0038 
12 0.7037 0.7404 2.1153 
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Table 88 - Stern-Volmer Data for [(bpy)Re(COb(py-OCH3)t In 
Methylene Chloride 
[DMA]stock =78.89 mM [(bpy)Re(COh(py-OCH3)t =6.3 /JM 
Aliquot =3 /Jl Sample Volume =3.4 ml 
I x 10-5 [DMA}n 
n (CPS) (mM) loll 
0 8.2014 0.0000 1.0000 
1 6.5238 0.0695 1.2572 
2 5.6304 0.1390 1.4566 
3 4.8288 0.2083 1.6984 
5 3.9701 0.3465 2.0658 
6 3.6072 0.4155 2.2736 
7 3.1664 0.4843 2.5901 
8 3.1209 0.5530 2.6279 
9 2.8043 0.6216 2.9246 
10 2.8259 0.6900 2.9022 
11 2.5577 0.7583 3.2066 
12 2.3418 0.8266 3.5022 
Page 165 
Table B9 - Stern-Volmer Data for [(bpy)Re(CO)3(py-Benzox)t In 
Acetonitrile 
[DMA]Stock =473.4 mM 
Aliquot =3 JlL 
n 
0 7.6507 0.0000 
1 7.1029 0.4173 
2 6.7874 0.8338 
3 6.3823 1.2497 
4 6.1296 1.6648 
5 5.6217 2.0791 
6 5.8109 2.4927 
7 5.6294 2.9057 
8 5.4586 3.3178 
9 5.1292 3.7293 
10 5.0958 4.1400 
loll 
1.0000 
1.0771 
1.1272 
1.1987 
1.2482 
1.3609 
1.3166 
1.3591 
1.4016 
1.4916 
1.5014 
[(bpy)Re(CO)3(Py-CH3)r =6.6 JlM 
Sample Volume =3.4 mL 
n 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
loll 
4.7845 
4.7288 
4.4488 
4.6226 
4.3261 
4.2496 
4.1759 
4.0748 
3.8293 
3.8070 
4.5501 1.5991 
4.9594 1.6179 
5.3680 1.7197 
5.7759 1.6551 
6.1830 1.7685 
6.5895 1.8003 
6.9953 1.8321 
7.4003 1.8776 
7.8047 1.9979 
8.2083 2.0096 
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Table B10 - Stern-Volmer Data for [(bpy)Re(COh(py-Benzox)t In 
Methylene Chloride 
[DMA]stock = 1577.8 mM [(bpy)Re(CO)3(py-Benzox)t =2.9 fJM 
Aliquot = 3 fJL Sample Volume =3.4 mL 
Ix10-5 [DMA]n 
n (CPS) (mM) loll 
0 1.1556 0.0000 1.0000 
1 0.9035 2.7795 1.2790 
2 0.8327 4.1656 1.3878 
3 0.7722 5.5492 1.4964 
4 0.7259 6.9304 1.5920 
5 0.6851 8.3092 1.6868 
6 0.6522 9.6855 1.7718 
7 0.6027 11.0595 1.9175 
8 0.5688 12.4310 2.0315 
9 0.5289 13.8002 2.1850 
10 0.4983 15.1669 2.3192 
11 0.4832 16.5313 2.3916 
12 0.4421 19.2529 2.6138 
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Table B11 - Stern-Volmer Data for [(bpy)Re(CO)3(py-DMB)t In Acetonitrile 

[DMA}slock =473.4 mM [(bpy)Re(CO)a(py-CH3)t = 6.0 JlM 

Aliquot =3 Jll Sample Volume = 3.4 ml 

n nloll loll 
0 9.4410 0.0000 1.0000 12 5.9346 
1 8.9268 0.4173 1.0576 13 5.7832 
2 8.8466 0.8338 1.0672 14 5.5154 
3 8.1728 1.2497 1.1552 15 5.2698 
4 7.7747 1.6648 1.2143 16 5.4967 
5 7.5927 2.0791 1.2434 17 5.1417 
6 7.3589 2.4927 1.2829 18 4.7532 
7 7.1085 2.9057 1.3281 19 4.7847 
8 6.4082 3.7293 1.4733 20 4.6445 
9 6.3574 4.1400 1.4850 21 4.7837 
10 6.1237 4.5501 1.5417 22 4.6089 
11 9.4410 0.0000 1.0000 
4.9594 1.5908 
5.3680 1.6325 
5.7759 1.7118 
6.1830 1.7915 
6.5895 1.7176 
6.9953 1.8362 
7.4003 1.9862 
7.8047 1.9732 
8.2083 2.0327 
8.6113 1.9736 
9.0135 2.0484 
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Table B12 - Stern-Volmer Data for [(bpy)Re(COb(py-DMB)t In 
Methylene Chloride 
[DMA]stock = 1577.8 mM 
Aliquot =3 III 
[{bpy)Re{CO)3{DMB)r = 4.2 IlM 
Sample Volume =3.4 ml 
n 
I x 10 -5 
(CPS) 
[DMA]n 
(mM) loll 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
8.2638 
6.6442 
5.8674 
5.4370 
4.9747 
4.8321 
4.4284 
4.1319 
3.9259 
3.6759 
0.0000 
1.3910 
2.7795 
4.1656 
5.5492 
6.9304 
8.3092 
9.6855 
11.0595 
12.4310 
1.0000 
1.2438 
1.4084 
1.5199 
1.6612 
1.7102 
1.8661 
2.0000 
2.1049 
2.2481 
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